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PREFACE 


In this book I have endeavoured to deal with the subject of 
automatic protection in a logical manner, by devoting a con¬ 
siderable amount of space to a discussion of the theory of pro¬ 
tective transformers and their interconnection and to the theory 
of protective relays before dealing in detail with modem pro¬ 
tective circuits. It is thought that such a preliminary study 
of the components of protective gear will not only enable the 
reader to understand more readily the operation of the practical 
methods of automatic protection thereafter described, but 
will also put him in a position of being able critically to assess 
the value of new methods of protection which are from time to 
time put forward. 

The subject matter of the book falls into five main divinons; 
protective transformers, the interconnection of these trans¬ 
formers to form protective circuits, relays, modem methods of 
protecting electrical machinery and transmission networks, and, 
finally, the testing of relays and protective circuits. Under 
the heading of transformer interconnection may be included 
a study of the theory of sjmunetrical components. 

I have added, as appendices, a glossary of technical terms, 
and a short bibliography. The books and papers mentioned 
in the bibliography have been of material assistance to me in 
the preparation of this work, and they can be recommended 
to the student who desires to pursue his reading in this subject. 

PREFACE TO SECOND EDITION 

In this edition I have corrected some errors, kindly pointed 
out by correspondents, and I have included some additional 
matter relating principally to instrument transformers, bus¬ 
bar protection, testing and maintenance, and to negative 
sequence relays and their applications. I am indebted to the 
Metropolitan-Vickers Electrical Co., Ltd., for technical parti¬ 
culars of such of their relays as are described herein. 
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PREFACE TO THIRD EDITION 

In this edition I have added some matter on the inter¬ 
connection of current and voltage transformers and the phe- 
nomenum of what is called neutral inversion, on the protection 
of machines and cables, and on relay maintenance. I have also 
added to the Bibliography references to the most important 
of the many highly-technical papers on automatic protection 
that have appeared since the last issue of this book. 

G. W. STUBBINGS. 
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Chapter I 


THE DEVE5-OPMENT OF AUTOMATIC 
PROTECTIVE GEAR 

A COMPLETE system for the supply of electrical enei^ to private 
consumers comprises generating, transforming and converting 
plant, together with transmission mains and consmning devices. 
Each of these compone nts, considered as a conductor, is rated 
to carr y a mor e or less d^nite maximum current', '\^ch is 
fixed by the f.nn.sidftrat.ion that the maxunum temperature 
attainaUe with this current flowing must be consistent with 
safe operation. If this rated maximum current is exceeded, 
a condition will be set up in which there is a tendenqr for the 
conductor canying the current to reach a temperature beyond 
the safe limit. Due to the fact that a conductor of electricity 
necessarily possesses some thermal capacity, the temperature 
resulting from the incidence of a current in excess of the rated 
maximum value will depend upon the magnitude of the excess 
and upon the time during which it persists. An excess current 
may arise^om an inordinate, but otherwise normal use of the 
supply, familieir example of this cause of excess current is 
that of the mechanical overloading of a motor, and, as a matter 
of fact, excess currents arising from causes such as this a» 
usually known as overloads. Excessive currents in a drcun 
may also arise from a failure of insiilation. If this failure is 
that of the insulation of two of the supply mains between 
which there is a nomin^ potential diflerence, the condition is 
called a short-circuit.'‘^f the failure is that of the insulation 
between a conductor and earth, the condition is known as an 
earth fault. vTne current resulting from a short-circuit is gener¬ 
ally, but not invariably, much greater than one resulting 
from an overload. current in an earth fault may be of the 
same Order as that in a ^ort-drcuit, if one point of the supply 
S3?5tem is joined to earth by means of a connection of negligible 
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resistance. If, as is sometimes the case, the connection to 
earth contains an appreciable resistance, the current in the 
earth fault will be limited. The magnitude of the current in a 
short-circuit is determined solely by the characteristics of the 
generating plant and of the conductors between this plant and 
the short-circuit. It is thus possible for a short-circuit on the 
installation of a consumer taking a small supply, to give rise 
to a very large fault current, if this installation is adjacent to 
a source of supply with a large capacity of plant. 

\yFTom the earliest beginnings of electricity supply the efforts 
of Sigineers have been directed to the problem of the automatic 
isolation of circuits in which, due either to overloads or short- 
circuit or earth faults, an excessive current is flowing. The 
first device to be used for this purpose was the fuse. The well- 
kno\ra limitations of fuses led to the development of the air- 
break circuit-breaker for the interruption of short-circuit 
currents too great to be dealt with by fuses. These two 
devices are still largely used for low-pressure circuits, and 
during recent years their respective spheres of application have 
been enlarged by the development of the small circuit-breaker 
to displace fuses in consumers' installation, and by the revival 
of oil-immersed fuses for use in extra-high-tension A.C, 
circuits. 

The development of power transmission and distribution to 
transforming centres by alternating current at high voltages 
occasioned fresh circumstances and raised new problems in 
respect to the isolation of faulty circuits. The troubles experi¬ 
enced with fuses in high-pressure circuits led to the exclusive 
use of the oil circuit-breaker, and this, combined with the 
necessity for the emplo3unent of current transformers for the 
measurement of current in such circuits, and with the develop¬ 
ment of electrical remote control of switchgear, led to the 
use of relays in which the effect of an abnormal current in the 
main circuit is to close a local circuit and to trip the associ 
ated circuit-breaker electrically 

The concentration of mcreasmgly large amounts of generating 
plant in single power stations led to a progressive increase in the 
possible magnitude of short-circuit currents, and intensified the 
necessity for the rapid isolation of faulty components of the 
system, not only on account of the destructive effects of the 
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excessive currents, but also to avoid the disturbance to the 
operation of rntallng plant whirh results From anjrthing- 
but' ^ transient fall in vol tage . Finally, the inrrftasft in 
the capacity of transforming centres call ed for the provis ion 
of more than one supply line, by parallel feeders, inter- 
conflectors, and ring mains, and the urgent demand for con- 
tiniuty of supply at these transforming centres led to the 
requirement of what Is known as the discriminating property 
of apparatus for the isolation of faulty circuits, whereby the 
shortest section of a distributing network containing a fault 
would be disconnected at each end from the remaindesjc^ the 
system by means of the appropriate apparatus, while rimilar 
apparatus, associated with normal sections, would remain 
unaffected, notwithstanding these sections might be carrying 
part of the excessive current in the short-circuit. 

The apparatus for the isolation of faulty components of a 
supply system is usually known in the aggregate as protective 
gear. This apparatus has now reached a high state of develop 
ment, and to its excellence is due in a large measure the high 
degree of continuity of supply enjoyed by consumers of electrical 
energy. 

The Development of Discriminating Protective Gear. 

We have already alluded to the need for discriminating 
protective gear which arose when sub-stations and transform¬ 
ing centres were fed fiom two or more distributing mains. The 
development of protective gear possessing this charactenstic 
has proceeded along four distinct lines. The earliest and 
simplest method of obtaining discriminating action in protective 
gear is by the use of time-lags When this method is 

employed, the relays, cairymgia secondary copy of the line 
current furnished by current transformers, are designed to close 
the contacts in the auxiliary tripping circuit after the lapse of a 
time interval from the commencement of operation. In some 
relays this time-lag is independent of the current, in others it 
is an inverse function of the current. The basic feature of the 
relays is that the nominal time-lags are adjustable, and that if 
two relays carry the same current, the time of operation of the 
one having the smaller nominal time-lag will, for any value of 
the current, be less than that of the one having the gieater 
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nominal lag. The application of relays of this t37pe to an open- 
eh3^ thain feeding a number of transforming centres is readily 
understood. Tie outgoing main at ea ch centre is rnntrnTleH 
by an oil circuit-breaker and relay, and the nominal time-lags 
of the rela}^ diminish by one stage as each sub-station is passed^ 
A fault in the feeding main will cause the tripping of the 
circuit-breaker at the next sub-station nearest to the source of 
supply. This system of protection cannot give complete 
discrimination, as all sub-stations on the side of the fault 
remote from the power station will lose their supply. 

Furthermore, the method suffers from the disadvantage 
that t he time-lag between t he incidence of a fault and its isnla- 
the nearer the fault is to the source of supply. 
The severest faults are thus those which remain the longest 
on the network. 

The simple system of graded time-lags outlined above is 
suitable only for circumstances in which each sub-station has 
but one feeding main. If a ring main is used, so that a series 
of sub-stations are each fe'd by two mains, a faulty section of 
the ting main must be discoimected at the sub-stations at each 
end of the section, while all circuit-breakers controlling other 
sections must be unaffected. This requirement can be satisfied 
by the use o f relays which, fr Tidd’*i‘"n 1* n” 
lag, have flip pmpprtjr nf when the power 

flow is in a definite direction. The application of relays haVing’ 
fheS5*€K'aracteristies wifi be "described later, and it will be then 
seen that, within limits, the use of relays with graded time-lags 
and which are responsive only to power flow in a definite 
direction, will enable discriminating protection to be obtained 
in a system in which each sub-station is supplied by two or 
more feeding cables. This system of protection suffers from 
the same disadvantage as that emplo 3 nng non-directional graded 
time-lag Fda 3 ^ for open-ended feeders. The use of A.C. 
directional relays on three-phase systems is alsV tended with 
certain difficulties, which will be explained in due course, and 
which have only been satisfactorily overcome during recent 
years. 

"The first advance along the second line of development of 
discriminating protective gear was made by Price, in the 
invention of what is now usually known as leakage protection. 
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The outstanding feature of this scheme is that current tmly 
appears'iH rolay occurrence of an earth fau lt, and 

tha t, du rin: normal conditions or conditions of overload, the 
re ay current is neg%[ble. TMs feature'is in marked contn^t 
to that of the methods previously outlined, in which the criterion 
for relay operation is that the relay current should be consider¬ 
ably in excess of the normal value. With the leakage system 
of protection relatively sensitive settings can be used, and 
although this method did not, in itsdf, give discrimination for 
interconnected systems, it enabled earth faults on open-ended 
circuits to be cleared with certainty and rapidity. 

The invention of the leakage system of protection pointed 
the way to the next great advance, which solved the problem, 
from the point of view of basic principle, of securing the instant 
disconnection of a faulty section of a ring main or other inter¬ 
connected distributing system. The principle underlying 
all the modifications of the original Merz-Price system of pro¬ 
tection is that in a conductor which transmits dectrical energy 
from one point to another, the current entering one end of the 
conductor is, in normal conditions, exactly equal to that leavii^ 
the other, a nd that th is equality will be disturbed if ^ergy 
leaves the conductor at some point due to a fault. This 
principle is applied very simply by comparing the seconds^ 
currents or voltages of two current transformers, one at eadi 
end of the conductor, the electrical communication between 
the two transformer secondary windings being established by 
means of pilot wires. 

With this method of protection, current only appears in the 
relays controlling the circuit-breakers of any section of a dis¬ 
tribution network when there is a fault in the section. The 
breakers of non-faulty sections will be unaffected because, 
notwithstanding the current transformers in these sections 
may carry current which is feeding into the fault, die magnitudes 
of the current at each end of the section will be the same, and 
the relays, being responsive only to a difference in these 
currents, will be free from any tendency to operate. The 
Merz-Price system, although simple in principle, is subject to 
several limitations, the overcoming of which received the 
constant attention of engineers for many years. The chief of 
these limitations is that the secondary voltages or currents 
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^ of current transformers carrying equal primary currents are 
liable to diverge from equality when the primary current is 
very large in relation to the rated maximum value. This 
tendency led to the operation of relays controlling the circuit- 
breakers of non-faulty sections of a network when heavy 
currents passed through these sections to the fault. These 
limitations, together with the methods by which they have 
been overcome, will be dealt with hereafter, and it will suffice 
at this stage to note that the Merz-Price M'as not only the first 
method of obtaining instantaneous discriminating protection 
for an interconnected distributing system, but it is the basis 
of a large number of modem protective systems now in success¬ 
ful operation. 

The third line of development of discriminating protection 
was based upon the fact that when current is conveyed from 
one point to another along two paths of equa l im pedance, this 
c urrent will divide into two equa l components. TMs principle 
is applied in the split-conductor system associated with the 
names of Merz and Hunter, in which each line current in a 
three-phase cable is carried by two conductors, of equal cross- 
section, insulated from each other. The currents in the two 
parall&l conductors are passed at each end of the cable through 
the core of a current transformer in opposite directions, so that, 
when these currents are equal, their resultant magnetic effect 
is zero. If a fault occurs in a cable of this type, the balance 
of the currents in the two parallel conductors of at least one 
phase will be upset, so that a resultant magnetic effect will be 
produced in the core of a current transformer which will 
give rise to a current in the associated relay. This system of 
protection, like the Merz-Price system, is completely discrim¬ 
inating, and is instantaneous in action. 

A number of other systems of protection have been devised 
which, although differing in basic principle from the split- 
conductor system, are like it in emplo3dng cables of special 
construction. These have found limited application and will 
be mentioned in due course. 

The final step in the development of automatic protective 
gear was taken with a view to the avoidance of the high capital 
costs of pilot wires or special cables, which formed one of the 
ptincipal economic drawbacks of those systems of protection 
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nonnal and fault conditions, and with their interconnection in 
the various ways required for automatic protection. The 
theory, construction, and operating characteristics of the 
various classes of protective relays will next be considered. 
Finally we shall deal with the assembly of protective trans¬ 
formers and relays in the various manners for the protection 
of electrical machinery and cable networks. 



CHAPTER II 


PROTECTIVE TRANSFORMERS 

General Remarks on Protective Transformers.—^The 
functions of current and voltage transformers used as com¬ 
ponents of protective gear are similar to those of instrument 
transformers, and consist in the furnishing of a current or 
voltage proportional to and in phase with the current or voltage 
in the main circuit to which the protective relays are required 
to be responsive. Till recent times the secondary current of a 
current transformer was invariably five amperes with the 
rated primary current flowing. For reasons which will be 
explained hereafter, many protective current transformers are 
now so designed that the rated maximum secondary current 
is 0*5 or I ampere. The secondary voltage of voltage trans¬ 
formers is no, with the rated pressure applied to the primary 
windings. The advantages of current and voltage transformers 
in the field of A.C. measurements are that they enable standard 
movements to be used for all nominal ratings, variations of 
the rated primary currents and voltages being taken' care of 
by the scale or dial markings. In the field of automatic 
protection, current and voltage transformers have a use which 
is more extended than when they are used for measuring 
instruments, as the circumstance of their pro'viding in insulated 
circuits, currents or voltages proportional to those in the main 
circuit enables the secondary currents or voltages to be com¬ 
bined, by the interconnection of the secondary 'winding^, so 
that currents or voltages in several circuits, or in different parts 
of the same circuit, can be vectorially added or subtracted. 

The proportionality between the primary and secondary 
magnitudes of current or voltage transformers is only approx¬ 
imate. For electrical measurements it is of cardind import¬ 
ance that the errors of the transformers, or the departures of 
the actual from the nominal ratios, and the phase differences 

lO 
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between primary and secondary magnitudes, should be as small 
as possiWe, and the problem of the reduction of these errors is 
assisted by the fact that accuracy is only required in a current 
tranSbrmer used for electrical measurement up to currents not 
greatly in excess of its normal rating, while in the case of 
instrument voltage transformers it is only the errors at the 
normal voltage which are of moment. The requirements in 
regard to accuracy ax'' somewhat different when protective 
transformers are concerned. The use of voltage transformers 
is avoided as far as possible m the design of protective devices, 
but when these transformers are used, their characteristics at 
the low voltages which exist under fault conditions become of 
some moment. Protective current transformers are installed 
mainly for the purpose of dealing with conditions in which 
currents very much in excess of the normal values are flowing. 
While, therefore, the characteristics of instrument transformers 
under heavy overload or short-circuit conditions are not of 
any great importance, the performance of protective current 
transformers under such conditions is of the greatest moment. 
Generally speaking, it may be said of protective current trans¬ 
formers that great nominal accuracy of performance is not a 
matter of such importance as that the characteristics of the 
transformers associated in combination shall be practically 
identical both in normal and in overload and short-circuit 
conditions. 

The Rating of Current and Voltage Transformers.— 

There are two distinct ratings for a current transformer: ^e 
maximum primary current, and the maximum output in volt- 
amperes obtainable from the secondary circuit without certain 
specified errors in ratio and phase being exceeded. Current 
transformers are dealt with in B.S.S., No. 8i, 1936, for Instru¬ 
ment Transformers, and although this specification is framed 
from the point of view' of electrical measurements, its principal 
provisions may conveniently be reviewed. 

It will be well, at this stage, to explain that, although the 
secondary output of a current is stated in volt-amperes, this 
value of the output refers only to the condition when the rated 
primary current is flowing. The rated secondary output really 
implies the maximum impedance of the secondary circuit, and. 
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this impedance being fixed, the secondary output in volt 
amperes will vary as the square of the secondary current. The 
output at one-fifth of the rated primary current will therefore 
be only one twenty-fifth of the rated value in volt-amperes. 
In the current B.S. Specification, a casual reading might induce 
a belief that the rated volt-ampere output must be delivered, 
subject to the stipulated limits of error, with currents down to 
one-tenth of the rated value. In view of this ambiguity it is 
to be wished that the output of a current transformer were 
expressed in terms of the impedance of the secondary circuit. 

The term burden is now used to specify the characteristics 
of the external circuit of either a current or a voltage trans¬ 
former. The application of the word is, however, somewhat 
vague. Its spec^cation in volt-amperes suggests that it refers 
to the actual secondary output of the transformer. On the 
other hand, the apparatus supplied by this secondary circuit, 
together with the connecting leads, are generally referred to 
as the burden. This apparent confusion between electrical 
output and the circuit in which this output is absorbed does 
not in practice lead to any ambiguity. 

Although, from the point of view of the operation of protec¬ 
tive relays, the errors of current transformers are not of such 
vital importance as when electrical measurements are con¬ 
cerned, yet, not only is a certain standard of accuracy requisite 
for protective transformers in many circumstances, but the mag¬ 
nitude of the errors in normal conditions may give some indica¬ 
tion of the probable performance of the transformer when the 
primary winding is canning current much in excess of the 
rated value. The ratio error of a current transformer is the 
difference between the actual and the nominal ratios expressed 
as a percentage of the nominal ratio. The phase error is 
expressed as the angular separation of the vector of primary 
current and that of the secondary current reversed. The 
specification of the ratio characteristic as a percentage error 
requires some convention of sign to indicate whether the 
secondary current is above or below its nominal value. A 
more convenient specification of this ratio characteristic would 
be that of actual to nominal secondary current. Phase errors 
are usually expressed in minutes of angle. Actual nieasure- 
ments of phase error lead to the radian or circular measure of 
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the angle between the primary and secondary current vectors, 
and the specification of this angle in radians is most convenient 
for theoretical calculations. 

Instrument transformers are grouped by the British Stan¬ 
dards Institution in several classes, according to the duty for 
which they are required. These classes are as follows ;— 

Class AL. For precir-on laboratory work. 

Class BL. For testing work in conjunction with sub-standard 
instruments. 

Class AM. Current transformers for precision industrial 
metering. 

Class BM. Current transformers for industrial metering of 
sub-standard grade. 

Class CM, Current transformers for general industrial 
metering. 

Class A. Current and voltage transformers for use with 
sub-standard indicating voltmeters. Voltage transformers for 
precision industrial metering. 

Class B. Cmrent and voltage transformers for use with first- 
grade indicating and graphic instruments. Voltage trans¬ 
formers for metering. 

Class C. For use with first-grade instruments. 

Class D. For use where high accuracy is not important. 

The rated burdens for current transformers are a® follows :— 

Classes A, B, C, and D . 2^, 5 and 15 VA. 

Classes AM and BM . 2J, 5, 15, and 30 VA. 

Class CM . . . . 1 1 , 5. and 15 VA. 

Classes AL and BL . . 7'5 VA. 

For voltage transformers the rated burdens are as follows :— 

Class A . . . .50, 100, and 200 VA. 

Classes B and C . . 15, 50, and 100 VA. 

Classes AL and BL . . 10 VA. 
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The limits of error for various classes of current transformers 
aie given in the following tables •— 

MeIERING CtRREM TRANSFORMERS. 


Absolute b rror \ ariation in Error 
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The abo\e values of the errors correspond to the rated 
burden, the power factor of this burden being unity, the 
external secondary circuit, in other words, being non-inductive 
The standard frequency is 50. 

Voltage transformers, like current transformers, also have 
two distinct ratings, primary voltage, and secondary output. 
The ratio and phase errors of voltage transformers are defined in 
precisely the same fashion as those of current transformers. 
The limits of error for voltage transformers are given in the 
following table, in which those in the principal column i refer 
to conditions in which the applied voltage is between 90 and 
100 per cent, of its rated value, and the burden between 25 and 



PROTECTIVE TRANSFORMERS I5 

TOO per cent, of its rated value non-inductive; whilst the 
values in principal column 2 refer to conditions in which the 
voltage is between 90 and 106 per cent, of the rated value and 
the burden between 10 and 50 per cent, of the rated value at a 
power factor of 0‘2. 


Limits of Error for Voltagl Transformers. 


Class. 

I* ^ : 

1_* 1 

t. 

Ratio. 

%. 

[ Phase. 

^ Minutes. j 

^ Ratio. 

0/ 

o* 

Phase. 

Minutes. 

A 

0-5 

‘ 20 

0*5 

40 

B 

1*0 

30 

1*0 

70 

C 

1 2*0 

1 30 

— 


D 

5*0 

— 

— 

— 


For classes AL and BL the limits of ratio error are 0*25 and 
0 5 per cent, respectively, and the limits of phase-error 10 and 
20 minutes respectively at any primary voltage between 80 
and no per cent, of the rated voltage with any burden of imity 
power factor not exceeding the rated burden. 

The specification of a standard frequency has a different 
meaning for a voltage transformer from that for a current 
transformer. A current transformer will operate on a circuit 
having a frequency lower than that for which it is designed, but 
its errors will be greater than when it is used in a circuit of 
standard frequency. A voltage transformer, on the other hand, 
can only be used in circuits of a frequency not less than that 
for which the transformer is designed. 

The Theory of the Current Transformer.—^A current 
transformer essentiedly comprises an iron core canying two 
windings, the one connected in the circuit canying the current 
to be measured being designated the primary, and the other, 
connected to the burden consisting of the relays or instruments 
responsive to the main current, being designated the secondary 
winding. The flow of current in the primary winding produces 
an alternating magnetic flux in the core, and this flux induces an 
E.M.F. in the secondary winding, which results in the flow of a 
secondary current when this winding is connected to an 
external closed circuit. The magnetic effect of the secondary 
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current is, in accordance with fundamental principles, in opposi¬ 
tion to that of the primary, and the value of the secondary 
current automatically adjusts itself to such a value that the 
resultant magnetic effect of the primary and secondary current 
is such eis to produce the flux necessary to induce the E.M.F. 



0 = Core Flux. 

Is = Secondary Current. 

Ip = Primary Current, 
le = Exciting Current 
Es = Secondary E.M.F. 

Fig. I.—The Elementary Vector Di\gr^m o? a 
Current Transformer. 


required to drive the secondary current against the impedance 
of the circuit in which it flows. 

The elementary vector diagram of a current transformer is 
shown in Fig. i (a), a nominal ratio of transformation of unity 
being assumed. The vector of secondary current Ij lags that 
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of secondary E.M.F., E„ by an angle 9 , depending upon the 
power factor of the secondary circuit. To produce the E.M.F., 
Ej, a flux is required which is represented by a vector <l>, in 
phase quadrature with E,. An exciting current, I„ is in turn 
required to produce the flux, and, due to core loss, this current 
will lag E, by an angle /8, which is less than 90 degrees. This 
exciting current is derived from the primary current Ip, which 
is accordingly represented by a vector which is the resultant 
of I, and I,. 

When a current transformer is used for the operation of 
meastuing instrument the magnitude of I, is relatively much 
less than is shown in the dic^;ram, this magnitude being of the 
order of one or two per cent, of the primary current. The 
magnetic effects of the primary and secondary currents are 
then approximately equal, and as these effects depend upon 
the product of amperes by turns, the ratio of the primary to the 
secondary currents is inversely as the ratio of primary to 
secondary turns. 

If, in the diagram Fig. I (a), a line be drawn perpendicular 
to I^, then, provided the ratio of I, to is small, the ratio 


OM! 

error is given by ' and the phase error, a, in radians, by 


I M 

. As is the angle between the vectors I, and E, we can 
write the ratio error as: 


I, cos — 9 ) _ I, (cos ^ cos H-sin /S sin tf) 

Ip 1, 

9 being the angle between the vectors of secondary current 
and voltage. Now cos ^ is the component of the exciting 
current in phase with E, and is usually known as the core loss 
component, I„ while I, sin the component in phase with 0, 
is usually known as the magnetising component, The 
ratio error thus can be expressed as : 

I, cos + Im sin 

y • 

The phase error, o, can similarly be expressed in radian 
measure as 

I, sin (fi — g) I„ cos — I, sin 
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The errors of a current transformer thus depend upon the 
magnitude and phase of I„ and upon the power factor of the 
secondary burden. The secondary E.M.F., E, is equal to the 
product of secondary current and secondary impedance. The 
flux will be directly proportional to the secondary E.M.F., 
but there is no simple relationship between I, and 
The actual relationship between these quantities cannot 
be expressed by means of a rational formula, but can 
only be determined experimentally. The nature of this 
relationship will be considered in detail in a subsequent 
section. 

The dependence of the current transformer errors upon 0 , the 
phase angle of the secondary burden, is illustrated by the 
vector diagrams. Figs, i (b) and (c). In Fig. i (b) we have 
the case when the secondary current is in phase with the 
secondary E.M.F. The ratio error is relativel}? small, and this 
error and the phase error are manifestly proportional, respect¬ 
ively, to the core loss, and the magnetising components of the 
exciting current, as is shown by the formulas above. In Fig. 
I (c) we have the condition when the phase angle of the second¬ 
ary current is approximately equal to that of the exciting 
current, and in this condition the phase error tends to dis¬ 
appear. As a general rule, the angle 6 is less than 3 , so that 
the secondary current vector leads that of the primary current. 
In the unusual case of 6 being greater than / 3 , the phase error 
would be reversed with respect to the normal conditions and 
Ij would lag on I^. 

When the conditions under which a current transformer 
operates are such that I, is no longer small in relation to I^, 
the formulas given above will not be applicable. 

The Equivalent Circuit for a Current Transformer. - 
It appears from the above discussion that the errors of a current 
transformer may be considered as due to the fact that the 
whole of the primary current is not transformed, a component 
being used to excite the core. Alternatively we may consider 
that the whole of the primary current is transformed without 
loss, but that the secondary circuit is shunted by a parallel 
circuit the impedance of which is such that the equiv^ent of 
the exciting current flows in it.^ The circuit shown in Fig. 2 
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is the equivalent of the actual circuit which comprises a trans¬ 
former with a turns ratio of unity. In this circuit the current 
transformer secondary is coimected in shunt to two impedances 
in series representing respectively the impedeince of the external 
burden and that of the secondary windings. The voltage drop 


\JU 


-^Tnnrov- 


y 


—» 


Fig. 2 - The Equivalent Circuit for a Current 
Tr^nsformj:r 


across these impedances will evidently be equal to the E.M.F. 
of the transformer when delivering an equivalent current, and 
the current shunted by the transformer winding is equal to the 
exciting current I,, necessary to produce this E.M.F. Thus 
the currents indicated as and Ij in the diagram have the same 



Fig. 3 —Saicration Curves for Silicon Iron 

ratio and phase relation as the primary and secondary currents 
when the transformer is operating in the normal way. The 
diagram is applicable to a transformer of any ratio, provided 
that the components Ip and Ij be considered to represent 
ampere-turns, instead of actual currents. 
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The Saturation Curve of a Current Transformer.— 
The equivalent circuit of a current transformer, shown in Fig. 
2, suggests that the errors of transformation, which, as we 
have seen, depend upon the relation between the exciting 
current and the core flux, can, as the flux is directly propor¬ 
tional to the secondary voltage, be studied from a consideration 
of the saturation curve of the transformer. This saturation 
curve is a graphical representation of the relation between 
the current and voltage in one of the windings, the secondary 
for convenience, the other winding being open-circuited. 



Secondary amps 



Secondary amps. 

Fig. 4.—Error Curves of a Silicon Iron Current Transformer 
WITH Non-Inductive Burden. 

In Fig. 3 we have the portion of the saturation curve for a 
transformer, with a core of silicon iron, which corresponds to 
the range of secondary voltages applicable to electrical measure¬ 
ments. The magnetising and core loss components of the 
exciting currents are also shown. For the low values of the 
secondary voltage given in this diagram, the magnetising 
current is seen to be approximately proportional to the square 
root of the secondary E.M.F. If the iron loss of the transformer 
in watts were proportional to the square of the secondary 
voltage, then I^ would be directly proportional to I„ and the 
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ratio error, for a secondary power factor of unity, would be 
constant. The eddy current loss in the core varies as the 
square of the flux density or as V*, but the hysteresis loss varies 
as a lower power which is of the order of 1*7. The total core 
loss component is, therefore, like the magnetising component, 
relatively greater at low values of the secondary ciurent than 
at its rated maximum value. T5q)ical error curves of a current 
transformer with a si)’ :on iron core are shown in Fig. 4. 

The use of a nickel iron alloy, such as Mumetal, for the core, 
enables a great reduction in the errors to be effected by reason 



Fio. 5. —Comparative Saturation Curves for 
Silicon Iron and Mumetal. 

of the very high permeability of this material at low values 
of the magnetising force. A typical saturation curve of a 
Mumetal current transformer is shown in Fig. 5, the curve for 
a silicon iron transformer being also represented for the purpose 
of comparison. It will be seen that for a given value of the' 
secondary voltage the exciting current for a Mumetal trans¬ 
former is of the order of one-tenth of that of a silicon iron 
transformer. The respective errors of the transformers within 
the range of secondary currents represented in the diagram 
will, of course, be in a corresponding ratio, for identical second¬ 
ary impedances. 

The curves considered above refer to values of the secondary 
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voltage, which correspond to primary currents not greatly in 
excess of the rated value. If the value of the secondary voltage 
is increased considerably, as will be the case with excessive 
primary currents, the saturation curv'e of the transformer takes 
the form shown in Fig. 6. Heie are plotted the total exciting 
current, and the core loss component. A study of these curves 
shows that of the total exciting current inflects at a point corres¬ 
ponding to values of the secondarj' voltage considerably greater 
than that corresponding to the rated primary current, and that. 
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Iransformer 

in conditions of heavy overload, the exciting current increases 
relatively faster than the secondary voltage The curv'ature 
of the core loss current curve does not change greatly, and as 
the flux density in the core increases, the ratio of core Iosn to 
total current decreases. In heavy overload conditions, there¬ 
fore, the angle S in Fig. i approaches 90 degrees. 

The saturation curve for other than small secondary v'olt- 
ages approximates to a parabolic form, and the exciting current 
is roughly propoition.d to the square of the voltage. As 
exciting current and secondary voltage are proportional respect- 
i\*ely to the magnetising foire H and the flux density B, this 
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approximate relation is equivalent to the statement that H 
a B*. Further 

H a 

V 

and B o. - 

afN 

where N is the number ol turns and ^ the % oltage in the circuit 
to which I, is referred, f the frequency, a the core area, and 1 
its effective length Then, as H o B* 

1 a*f*N® 


and 


I ^ K . -_. V® 

' a»f®N» 


where K is a constant independent of the dimensions of the 
transformer. As the errors of a transformer depend primarily 
on the value of I, corresponding to a given value of V, this last 
expression gives the approximate relation between the errors 
and the constants of the transformer and the frequency. The 
effect of a reduction in the number of ttums on each winding is 
seen to be very serious from the point of view of accura. ^ of 
transformation. 


The Impedance of Current Transformer Windings.— 
The term " impedance,” applied to the windings of a current 
transformer, may have one of several meanings. The first 
of these meanings to be considered is the portion of the total 
secondary burden contributed by the secondary winding. 
The secondary’ impedance, considered as part of the total burden, 
IS the resultant of the resistance and the leakage reactance, 
this reactance being the result of the flux set up by the second¬ 
ary current which is not linked with the primary’ winding. 
The value of the secondary leakage reactance depends upon 
the marmer in which the two windings are disposed on the core. 
When the primar}’ conductor consists of a straight bar in the 
centre of the core aperture, and the secondary winding is dis¬ 
posed uniformly round a circular core, the secondarj’ leakage 
reactance is negligibly small. When primary’ and secondary’ 
windings are disposed on opposite sides of a rectangular core. 
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the secondary reactance at normal values of the primary current 
may be of the same order as the resistance. With this type of 
construction the value of the reactance is not constant, but 
increases rapidly with heavy overloads, so that the lag of the 
current on the secondary E.M.F. tends to 90 degrees. 

The impedance of the secondary circuit of a current trans¬ 
former is a minimum burden, which cannot in simple circuits 
be eliminated. If, therefore, the impedance of the external 
burden is small, the performance of the current transformer 
will be determined by the characteristics of the secondary 
winding. It is only with external burdens of high impedance 
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that the effect of the internal burden is negligible. It appears 
also that, unless the secondary leakage reactance is negligible, 
the power factor of the secondary current cannot be unity. 

Referring to the equivalent circuit of a current transformer 
given in Fig .2, we see that the total secondary impedance is 
virtually shunted by an impedance which is equal to the 
quotient of secondary voltage by exciting current. The 
variation of the total open circuit impedance of the transformer 
secondary windings shows in a graphical manner the perform¬ 
ance of the transformer which is to be expected in abnormal 
conditions. The open circuit impedance of the transformer 
whose saturation curve is shown in Fig. 6 has been calculated 
and plotted to give the curve shown in Fig. 7. The point of 
maximum total impedance evidently corresponds to maximum 
permeability of the iron of the core of the transformer. 
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In certain circumstances it is of interest to know for various 
values of the primary current, the increase in this current 
required to give a fixed increase in the secondary current. 
This will depend upon the increase in the exciting current for 
a given fixed increase in the secondarj* voltage, or to dV/dl,. 
This ratio may be called the differential impedance, and its 
values for the transformer already considered are shown in Fig. 
7. The maximum diF rential impedance is greater than the 
maximum total impedance, and it occurs at a point on the satur¬ 
ation curve where the curvature changes sign. 

Construction of Current Transformers.—We have 
already seen that the number of turns on a current transformer 
has an important bearing upon its accuracy in overload con¬ 
ditions. If the secondary voltage is increased to such an 
extent that the exciting current is more than a small fraction 
of the primary' current, referred to the same winding, the errors 
of the transformer cease to be such as can be considered small, 
and the ratio is said to break down. Inordinate increase in 
the exciting current occurs when the flux density in the iron of 
the core approaches saturation. The ratio between the seend- 
ary voltage at saturation and that at the rated primary cmrent 
is the number of times full load current the transformer will 
handle before a serious breakdown of ratio takes place. The 
larger the number of turns the greater will be the secondary 
voltage at the saturating value of the flux density. 

Although, theoretically, it is possible to retain the accuracy 
of a current transformer on heavy overloads by the provision 
of a large number of turns, there are serious objections to this 
procedure when the transformer primary is liable to be called 
upon to cany' excessive short-circuit currents owing to the 
large mechanical stresses set up by these currents and to their 
heating effects. The mechanical stresses set up by short- 
circuit currents tend to repel conductors canying currents in 
opposite directions and also to force the windings into a circular 
form. 

A current transformer in an extra high-pressure circuit with 
a considerable number of primary turns might be wrecked on 
the occurrence of a short-circuit, by the bursting of the primary 
winding. Further, the greater the number of turns, the greater 
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will be the total heating effect of the short-circuit current. Due 
to the dangers attending the use][of primary windings, with 
even a limited number of turns, on extra high-pressure circuits, 
the use of current transformers having a primary conductor 
consisting of a straight bar, is sought after by switchgear 
designers in the interests of safety. A straight primary con¬ 
ductor gives the equivalent of one turn, and the nominal num¬ 
ber of secondary turns is then equal to the nominal ratio of 
primary to secondary currents. Transformers with a single 
straight primary conductor are knowm as bar primary current 
transformers in contradistinction to those having more than 
one primary turn, which are known as wound primary current 
transformers. Current transformers are often constructed 
without a primary conductor, so that they can be fixed over the 
insulator bushing of an oil circuit-breaker. Such transformers 
are usually known as bushing current transformers. 

We have seen, above, the bearing of the number of secondary 
turns on the performance of a current transformer. It is 
usual to express this characteristic as the product of rated 
primary current by piimar}' turns. 

Satisfactory accuracy for measuring purposes cannot be 
obtained with transformers having silicon iron cores, unless 
the number of primary ampere turns is at least 600, this corres¬ 
ponding to a nominal 120 turns on a 5A secondary' winding. 
As the number of secondary turns is reduced below the value, 
the total flux required to produce the secondary voltage 
increases in the inverse ratio, and this increase in flux can only 
be obtained by increasing the density, if the core area remains 
constant. To increase the densitj', not only is a greater value 
of the magnetising force required, but as this must be produced 
by a smaller number of turns, the exciting current is still further 
increased. Rapid falling off in accuracy thus takes place as 
the ampere turns are reduced below 600. For current trans¬ 
formers designed for the accurate measurement of energy, 1,000 
ampere turns are considered good practice, if silicon iron is 
used for the core. 

We have already referred to the use of a nickel iron alloy, 
such as Mumetal, for the cores of current transformers. The 
superior magnetic properties of this material enable either 
extreme accuracy to be obtained with a comparable design to 
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that used for a silicon iron transformer, or, alternatively, satis¬ 
factory accuracy to be secured with a number of ampere-turns 
very much less than that requisite for a transformer of the older 
t3q)e. The magnetising force produced by the exciting current 
is proportional to I<N/ 1 , and if /i* is the permeability of the 
material of the core the flux density will be 

I;N 

this density is also proportional to 

With given core dimensions, frequency, and secondary voltage, 
the numbers of turns required for a stipulated exciting current 
will be in the inverse ratio of the square roots of the permeabil¬ 
ities of the magnetic materials used. The permeability of 
Mumetal for densities below saturation is from 10 to 40 times 
that of silicon iron, so that for a given secondary burden a 
core dimension equivalent accuracy can be obtained \iith 
Mumetal for a number of turns from J to J that required when 
silicon iron is used. The use of Mumetal is at the present 
time somewhat restricted by its high cost, and, according!, it 
is customary when possible to obtain economy in the use of the 
material by using a value of the flux density at the ratio current 
which is about twice that customary for silicon iron transform¬ 
ers. The increase in the density enables the total flux, fixed 
by the secondary voltage, to be obtained with a correspondingly 
reduced core area. 

The point at which the ratio of a current transformer 
commences to diverge from the nominal ratio by more than a 
trifling amount depends upon .he ratio of the flux density at 
the rated primary current and burden to the saturation value 
of the density. The saturation values of the flux density for 
Mumetal and silicon iron are respectively about 9,000 and 
16,000. This circumstance, together with that of the frequent 
use of a higher normal density with Mumetal than vith silicon 
iron, renders the Mumetal transformers less able to maintain 
their ratio at hea\’y overloads than silicon iron transformers of 
comparable accuracy. When stability of ratio is required over 
a very large range of primary cmrents, silicon iron transformers 
are frequently most suitable. 
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The comparative saturation curves for silicon iron and 
Mumetal for densities approaching saturation are shown in 
Fig. 8. Typical performance curves for silicon iron transformers 
under overload conditions are shown in Fig 9. 



Fig 8—\iternaiing BH Curves for Silicon Iron ^nd 
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\\e have alreadj alluded to the fact that o-sA ami lA are 
standard values for the rated secondarj- current of a cunont 
transformer. The ad\antages of this value as compared with 
the older value of 5A requires a few words of explanation 
The total secondary burden of a current transformer mcludes 
not only the internal impedance of the secondary winding and 
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the impedance of the instruments and relays which it supplies 
but also that of the coimecting leads. In modem outdoor 
switchgear equipments, the distance between the ciurent 
transformers and the relay panels may be very considerable, 
and with a rated secondary current of 5A, the impedance of 
these leads constitutes a considerable burden. If the rated 
•secondary current is only o-sA, the burden imposed by leads 
of standard section will be reduced to one-hundredth of the 
value corresponding to a 5A secondary current. Modem 
progress in the design of instruments and relays has been in the 
direction of the reduction in the volt-ampere burden imposed 
upon the current transfo’^mers, and this improvement, together 
with the reduction in effective burden imposed by the leads 
obtained by the use of the smaller secondary current, greatly 
extends the sphere of application of bar primary transformers 
with a small number of ampere-turns. 

There is a further advantage in the use of lA or 0‘5A as the 
rated secondary current to wWch allusion must be made. It is 
usual to obtain a partial correction for the ratio error of a 
current transformer due to the exciting current, by winding 
the secondary \nth one or more turns less than the number 
corresponding to the nominal ratio. This procedure increases 
the ratio of secondary to primary current, and gives a partial 
correction for ratio error by an amount which is constant for 
all load.s. This adjustment of the number of secondary turns 
is known as turns compensation, and, as the compensation can, 
as a mle, only be made by the omission of integral numbers of 
turns, the sensitivity of the compensation diminishes as the 
number of secondary turns diminishes. With 120 secondary 
turns, for instance, the smallest turns correction for ratio error 
is I'120 or 0-8 per cent. With bar primary or bushing trans- 
fonners for low rated primary currents, the omission of even 
one turn gives altogether too coarse a correction. A 100 5 
transformer, for instance, with 20 secondary turns, could not 
have a smaller turns correction than 5 per cent. This difficulty 
is completely overcome when o*5A is adopted as the value of 
the rated secondary current, as, the number of secondary turns 
being increased tenfold, the turns compensation can be applied 
in sufficiently fine steps even with bar primary transformer 
having so low a number of ampere turns as 50. 
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The Performance of a Current Transformer with a 
Burden of Constant VA.—An excellent illustration of the 
characteristics of a current transformer is illustrated by an 
investigation of the value of the primary current required to 
produce a given value of the secondary current in a circuit, 
the volt-ampere consumption of which is the same for all values 
of the secondary current. Such an investigation would be 
called for, in practice, if it were required to determine the 
correct setting of a relay, to give operation with the minimum 
primary current, the volt-amperes in the relay being assumed 
to be independent of the setting value. If the relay setting is 
reduced to a very low value, the impedance of the relay will, 
for constant volt-amperes, increase inordinately, and, due to 
the high secondary voltage required to give the required 
secondary current, the ratio may be so adversely affected that 
the primary current may actually be greater than when a higher 
value of the setting and a correspondingly lower impedance is 
employed. This point can conveniently be investigated 
approximately by assuming a parabolic saturation curve for 
the current transformer. Let it be assumed also that the 
secondary current is in phase with the secondary E.M.F., and 
that the exciting current is in phase with the flux. Then I 
and I, will be in quadrature, and, if the turns ratio be assumed 
to be unity, 

I/= V4-I/ 

then, assuming I, = KV* = KI,*Z*, 

where Z is the value of the impedance of the secondary circuit 
I/= K»I/Z‘. 

If M is the value of the constant VA of the biirden, then 



and 


V= I.*+ 


K*M* 
I ‘ ■ 


From this equation connecting I^ and I, we see that, when P 
is very small, the term ^ ^ is the only one of importance, 
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and is proportional to- . When is very large, the second 

term of the equation can be neglected and = I*. The form 
of the graph of the function connecting Ip and I, is therefore 
as shown in Fig. 10. 

We can find the minimum value of by differentiation. 
Thus: 

- >i _ 

dl “ " T« 

Whence I«= 2K*M< and I. = 2' K<M . 



Secondary amps. 

Fig 10—Ch VRACTERISTIC OF CURRENT TRA^SFORMER 
wiiH Co^sli^T SEco^D\Ry VA Oltput 


Substituting this value of I, m the original equation we find 
I^= 3t.2-^K'M’ 


and 


1/^3 
V 2’ 


We have cdready seen that the factor K in the above calcula¬ 
tion is equal to 

a®f®N» 


where Ki is independent of the dimensions of the transformer. 

We therefore have, for the minimum vedue of the primary 
current which will operate a relay requiring M volt-amperes: 

\\ 


lp= Ki. M 


af N 
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The resull> of lhi> investigation arc merely approximate, 
because the assu ni d relation between I, and the secondary' 
voltage is not strictly true. Although tlic equations for the 
values of the minimum cunents are based upon approximate 
assumption, and arc not borne out exactly by experimental 
tests, they do represent, in a general way, the relation between 
these currents and the constants of the transformer and of 
its burden. 

We can illustrate the results obtained above by a numerical 
example by considering a current transformer with which one 
ampere exciting current gives a secondary E.M.F. of 20 volts. 
The equation connecting I, and Y will then, on the assumption 
of a parabolic saturation curve, be 

I,- 

400 

Suppose we desire to use this transformer to energise a relay 
of such a type that, whatever may be the operating current, 
the volt-ampere consumption at this current is 15. The sub¬ 
stituting in the equation T,® =- 2K^Ar-^ we have 


uegiecting the 
whence 

and 


1 ® -- 2 


4002 


> l5^ 


imptdaiuc of the tian^foimei 
Ij =- o-qA approx.. 


I. 


0 '- 


i-iiA 


w hidings, 


for a turns ratio of unity. 

These results indicate that the minimum primary current 
which will operate the relay is i-iiA, and this operation is 
obtained w'hen the relay setting is o-qA. If a relay, absorbing 
15VA, and arranged to operate at a lower current, is used, then,- 
in spite of its increased sensitivity, the increased impedance of 
the secondary circuit of the transformer will result in a greater 
current than i*iiA in the primary winding being required foi 
its operation. 


The Secondary Output of a Current Transformer with 
Constant Primary Current.- We have already seen that 
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if the impedance of the secondary circuit of a current trans¬ 
former is constant, the ratio may remain sensibly constant for 
\alues of the pnmary current considerably in excess of the 
rated value. If, however, the primary current is maintained 
constant, an increase in the secondary impedance will alw^ays 
lesult in a decrease of the secondary current, due to the increase 
m the exciting current required to furnish the higher secondarj' 
voltage. The manner in which the secondary current varies 
as, with a constant primary current, the secondary impedance 
is varied, is shown in Fig. ii. From this it will be seen that, 
starting with a short-circuited secondary’ winding and gradually 
increasing the external impedance, the secondary current 



Img. h—Periormance of Current Tran&formfr 
WITH VXRYING SECONDARY IMPEDANCE 

steadily decreases, at first slowly, then more rapidly, and 
finaUy at an increasingly lower rate as the curve becomes 
asymptotic to the zero axis of current. 

The secondary output of the transformer, in volt-amperes, is 
zero with short-circuited secondary, and zero w-ith infinite 
secondary impedance when the current is zero. Betw’een these 
extreme values of the impedance there is one which gives a 
maximum value for the volt-amperes, and as the ability of a 
current transformer to operate a relay w’ith a given primary 
current depends upon its volt-ampere output, the maximum 
value of this output is a matter of importance, particularly 
with transformers having a limited number of ampere turns. 

We can investigate this matter analytically by assuming, 
as we have done in the last .section, that the saturation curve 
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of the current transformer is a parabola, and that the secondary 
and exciting currents are in phase quadrature. We then have 

V = I.*+1/= V+KVZ‘ 

As we wish to investigate the relation of the volt-amperes M 
with the impedance we eliminate I„ thus, 

VZ= M-f- K*M*Z®. 

Solving this equation for M we find 

V(i+4^V)-i 

2K*Z» * ■ 



Fig 12.—Secondary Output of Current Transformer 
WITH Varying Secondary Impedance 


When Z is small we can use the approximate value, 
I -f 2K*Z*I^* for the square root and M is then proportional 
to I^. When Z is very large, the square root is sensibly equal 
to 2KZ*I^ and M is then proportional to xjlp. The form of the 
curve representing the relation between M and Z is ^own in 
Fig. 12. 

If we differentiate the expression for M with respect to Z 
and equate the derived function to zero, we find that the 
minimum value of M is given when 

7 *= '^3 I 

2 ’ I’^K 
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and the actual minimum value of M is 


2' r 


by substituting in the original equation the value of Z, giving 
the maximum volt-amperes, we find that, with this maximum 
output. 


I.- 


2 

3 




The factor K in the above calculation is equal to 

K -1 

1 a*f*N» 


Kj being a constant independent of the dimensions of the 
transformer. 

The maximum value of the volt-amperes is thus 
2* I „ a.f. 

3' ’ K* * 1* ‘ 


The result of this calculation shows that, on the assumptions 
that have been made the maximum volt-ampere output a 
current transformer can give for a given primary current is 
proportional to the 3/2 power of the primary ampere turns, 
and directly proportional to the frequency. Owing to the 
fact that the basic assumptions are only approximately true, 
the results obtained can merely be taken as giving a general 
indication of the bearing of the dimensions and number of 
turns of a transformer upon the output which can be obtained 
for a given primary cmrent, but the proportionality between 
this maximum output and the 3/2 power of the ampere turns 
is often very closely borne out by experiments. 


Double Current Transformations.—It will be clear from 
what has gone before that the errors of a cmrent transformer 
are due to the impedance of the secondary circuit, that of the 
primary circuit having no effect on these errors, since the 
voltage required to drive the primary current through the 
primary winding is derived directly from the external circuit. 
Occasionally, in protective gear circuits, the secondary current 
of one current transformer is passed into the primary winding 
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of a second transformer. In such a case the secondary voltage 
of the main transformer must be sufficient to overcome the 
total equivalent impedance of both circuits of the second 
transformer. If the cross-sections of the two windings of the 
second transformer are in the ratio of the currents they carry, 
the total equivalent impedance of this transformer will be 
approximately equal to double that of the primary winding, 
but the total effective burden in the secondary circuit of the 
main transformer wiU include that of the external burden of 
the second transformer in addition to that due to the windings 
of this transformer. These components of the effective burden 
of a current transformer, when supplying the primary winding 
of a second transformer, must be carefully borne in mind. 
The total error of transformation in the tertiary circuit will be 
the sum of the errors of both of the transformers. 

The burden imposed on one current transformer, by another 
transformer supphmg a tertiary circuit, can be measiwcd very 
easily by passing the rated secondary' current through the 
primary winding of this transformer while its secondary 
winding is connected to the apparatus it supplies, and measur¬ 
ing the voltage drop across the primary terminals. The 
voltage drop per primary ampere will be the effective imped¬ 
ance in the secondary circuit of the main transformer 

The Measurement of Current Transformer Errors.-- 
When a current transformer is used for the measurement of 
current or power it is of importance that its errors be known 
with considerable accuracy at normal values of the primarv 
current. For the operation of protective relays, high inherent 
accuracy is not, as a general rule, requisite. It is, how’ever, 
often of considerable importance that the errors of protective 
current transformers be known for high values of the primary 
current. We proceed to describe methods of testing current 
transformers, first wdth normal values of the primary current 
and secondly on heavy overloads. These methods are capable 
of giving commercial accuracy, and are of sufficient precision 
when the performance of the transformers in the operation of 
protective relays is concerned. 

At normal values of the primary current, a current trans¬ 
former can convenicntlv be tested by methods whereby its 
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secondary current is compared with thi secondary current of 
a standard transformer, having known errors, and whose 
primary winding carries the same current as that of the trans¬ 
former under test. A diagram of connections for a test of this 
kind is shown in Fig. 13. is the standard transformer, whose 
errors when suppl5dng the ammeter A and the wattmeter W 
are presumed to be known for all values of the primary current. 
The primary of is .:onnected in series with that of the test 
transformer Tj, to a circuit from which a current equal to that 
of the rated primarj' current of Tj and Tj can be obtained. 
The secondary of Ij, connected to its actual burden Z, is 


Tf T2 



\p = Primary Cun ent 

Isj - i^econdar}’ Current ot btandard Iran^former 
1^8 , »* t, TcnI ,, 

\ Phabc-Shitter \ oltage 

IMc. M Pfcrfr RMIVIV<» llIF 1 .RRORS 01 A CURREM TrANSFORMFR 

connected in series with the secondary of Ti. A wattmeter 
Wg is connected to the secondary circuit in the manner showm. 
The voltage circuits of the two voltmeters are, together with a 
voltmeter \’. connected in parallel and supplied from the 
secondary winding of a phase-shifting transformer. If the 
impedance of the* current coil of Wj be negligible, then it will 
readily be understood that the current hr this coil is the differ¬ 
ence between the secondary currents of the two current trans¬ 
formers. It is also evident, from the vector diagram, that the 
component of the current in Wj which is in phase wdth the main 
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secondaiy current I, expressed as a fraction of I, is equal to the 
difference of the ratio errors of the two transformers. Similarly 
the component of the current in Wj, in phase quadrature with 
Ii expressed as a fraction of I, will be the radian measure of 
the difference in the phase errors of the transformer. The 
quadrature component of the current in Wg is determined by 
setting the rotor of the phase shifter so that reads zero, and 
observing the reading of Wg. With a zero reading of Wi, 
the voltage exciting Wg is in quadrature with I, and the reading 
of Wg divided by that of V, gives the quadrature component of 
the difference current. By rotating the phase shifter secondary 
through 90 degrees, the voltage exciting Wg is brought into 
phase with Ig and the reading of Wg divided by that of V will 
give the in-phase component of the difference current, from 
which the difference in the ratio errors can be calculated. 

In addition to a knowledge of the differences in the errors 
of the two transformers, we require to know the sense of these 
errors, that is, whether those of Tg are smaller or greater than 
those of Tg. This can readily be determined. The sense of the 
difference in the ratio errors is immediately indicated by the 
direction of the reading of Wg. A study of Fig. 13 will show 
that as like terminals of the voltage circuit are connected to 
the same terminal of the phase-shifting transformer, the relative 
directions of the currents in Wg and Wg are as shown by the 
arrows. If the wattmeters read in the same direction, the 
current given by Tg is manifestly greater than that given 
by Tg, since part of the current from Tg is seen to pass 
into Wg. 

The sense of the difference in phase error can be determined 
by slightly displacing the phase of the voltage exciting Wg 
from the quadrature position, and observing the alteration in 
the reading of the wattmeter. A study of the vector diagram 
in Fig. 13 shov/s that if the phase of the exciting voltage is 
advanced, the reading of Wg will increase, this indicating that 
the secondary current of Tg leads that of Tg. If the secondary 
current of Tg had been greater than that of’Tg, then a lead of 
the current from Tg over that from Tg would have been indicated 
by a reduction in the reading of Wg with the exciting voltage 
slightly advanced in phase in respect to the quadrature position. 
We have already referred to the fact that the current in Wg is 
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equal to the difference between the secondary currents of 
and T2 only if the impedance of is negligible. The effect 
of the impedance of the current coil of Wj is evidently to cause 
the current in it to be less than the actual difference current. 
The magnitude of this kind of effect will be referred to in greater 
detail in the next chapter, but, at this stage, we may say 
that, with current transformers rated for 15 VA, the wattmeter 
Wj, if of the normal p-^rtable sub-standard variety, should not 
be rated for less than i A. Larger readings can be obtained 
by lower current ranges, but the accuracy of the test will suffer 
due to the effect of the wattmeter impedance in reducing the 
current in the difference circuit. 


P.S.T. 


Fig. 14 —An Aliernative Method of Determining the Errors of a 
C tTRRENT Transformer. 

An alternative method of testing current transformers at 
normal currents is illustrated in the diagreim of connections. 
Fig. 14. The circuit is generally similar to that shown in 
Fig. 13, but, instead of a wattmeter to measure the difference 
current, the subsidiary' circuit connected to the main secondary 
circuit is taken, through an adjustable resistance and a milli- 
ammeter, to the rotor of a phase-shifting transformer. A 
vibration galvanometer, VG, is connected to the points of the 
main secondary circuit, to w'hich the leads from the phase 
shifting transformer are joined. The procedure is first to set 
the phase shifter voltage so that Wj reads zero. This voltage 
is then in quadrature with I, and the pointer of the phase 
shifter is set to 90°. The magnitude and phase of the current 
from the phase shifter are now so adjusted that the vibration 
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galvanometer gives a null indication. When this condition 
obtains the current in the milliammeter is equal to and in 
phase with the difference current of the two transformers, and 
the in-phase and quadrature components of this current can 
be immediately calculated since the reading of the phase-shifting 
transformer gives the angle of phase difference between the 
difference current and the main secondary current. If this 
angle be Q and Ij the current in mA, and I the main secondary 
current as indicated by A, the difference in ratio error will be 


cos 0, and the difference in phase error,sin 6. The 


sense 


of the phase errors is determined exactly as outlined in the 
previous test, recollecting that the voltage exciting is in 
phase with the current in the milliammeter. The direction 
of the reading of Wi thus gives the relative direction of Ij 
with respect to I. 

We observe that, with this method of testing, there is no 
voltage betw’een the points in the main secondaiy circuit to 
which the phase-shifting transformer is connected, when the 
readings are taken, as, in this condition, the vibration galvano¬ 
meter is giving a null reading. The condition, with regard to 
the current transformers, is therefore the same as if these points 
were joined together. The current in the milliammeter ii. 
thus sensibly equal to the difference between the secondary 
currents of Tj and Tj, and the results obtained by this test are 
the same as those which would be obtained bv the method 
previously described using a wattmeter of zero impedance to 
measure the difference current. We may observe that the 
actual difference between the two secondary currents contains 
harmonics which are not detected either by a wattmeter or a 
vibration galvanometer. This circumstance is, however, 
common to all indirect methods of current transformer testing. 

The comparison methods described above are not. a.s a rule, 
very suitable for the investigation of the performance of a 
transformer on heavy overloads, unless the errors of the 
standard transformer are known over the entire range ol 
currents proposed to be used for the test. Further, there will 
often be a difficulty, excepting in well-equipped test houses, in 
obtaining values of the primary current of the order of ten times 
the rated value, excepting when this rated value is quite low. 
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When it is possible to obtain the requisite maximum value of 
the primary current for the test, the ratio characteristics of a 
current transformer can be obtained with sufficient accuracy, 
fiom tlie point of view of operation of protective gear, by a 
direct observation of primary and secondary currents. When 
this method of testing is employed, the rating of the current 
transformer used for the direct measurement of the primary 
current should be sufficiently greater than that of the trans¬ 
former under test to ensure that, at the maximum value of the 
test current, the ratio of the measuring current transformer 
will be negligibly small. The secondary current of the trans¬ 
former under test should be measured by means of a direct 
reading ammeter. As the maximum reading of this ammeter 
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will be considerably greater than the rated secondary current 
of the transformer, the impedance of this ammeter will affect 
the burden of the test transformer to a degree which may be 
considered negligible. 

When bushing type transformers, without primary con¬ 
ductors, are to be tested in overload conditions, the test can be 
('arried out with considerable accuracy and convenience by 
winding the transformer with a temporary primary winding 
having a number of turns equal to the nominal number of turns 
on the secondary. The ratio of the transformer is then unity 
and the primary and secondary currents can then be directly 
compared by using the circuit showm in Fig. 15, using a w’att- 
ineter to measure the tw'o components of the difference current. 
The method in which a vibration galvanometer is used is not 
advisable for heavy overloads, as the harmonics in the differ¬ 
ence current, which the vibration galvanometer is not com- 
D 
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petent to detect, may be sufficiently great to vitiate the read¬ 
ings of this instrument. When the ratio of the transformer 
begins to break down the current in the wattmeter Wg will 
increase rapidly as the primary current is increased, and care 
must be taken that the range of the wattmeter is sufficient to 
deal with the difference current. The current coils of portable 
wattmeters will, as a rule, carry double the rated current for 
short periods, and this overload capacity can be utilised, the 
exciting voltage of Wg being reduced if necessary'. 

WTien the breakdown of ratio occurs, the in-phase component 
of the difference current can no longer be taken as a measure 
of the ratio error of the transformer, as in these circumstances 
the phase error will be considerable. The vector diagram for 



Fig. i6.—An Approximate Method of Determining the Errors of a 
Current Transformer on Overloads. 


the primary and secondary current will be as shown in Fig. 
15. From this it will be seen that if and Ig are respectively 
the components of in phase with, and in quadrature with L, 
the magnitude of the secondary current is a/{I 2*+ (I^ — Ii)*}- 
The phase error, o, is evidently arc sin Ig/I,. 

We have shown in Fig. 2 the equivalent circuit for a current 
transformer, based upon the conception that the exciting 
current may be considered as being shunted from the main 
secondary circuit by an impedance equal to the open circuit 
of the secondary winding. This equivalent circuit is the basis 
of a further useful approximate method of investigating the 
performance of a current transformer in overload conditions. 
The circuit is arranged as shown in Fig. 16, from which it will 
be seen that the in-phase and quadrature components of the 
exciting current with respect to the total current passing into 
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the circuit are measured in the manner previously described by 
means of the wattmeter Wj. The impedance in parallel with 
the transformer winding must be equal to the total impedance 
of the secondary circuit. For a current transformer with a 
bar primary, having a secondary winding uniformly distributed 
on a circular core, the leakage reactance of the secondary 
winding is negligible, and the impedance in parallel with the 
secondary winding v J1 consist of the normal burden of the 
transformer plus a resistance whose value is equal to that of the 
secondary winding. The method is not suitable for trans¬ 
formers with non-distributcd secondary udndings, as with this 
type the secondary leakage, as we have seen, not only is appreci¬ 
able, but may reach a very high value at high values of the 
primary current. With such a transformer it is not possible 
to arrange that the impedance in parallel with the secondary 
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Fig 17.—Determining the Saturation Curve 
OF A Current Transformer 


winding in the circuit represented in Fig. 16 will, in all con¬ 
ditions, be exactly equal to the total secondary impedance in 
all conditions. 

When interpreting the results of the test just outlined the 
secondary current will be the vector difference of the current 
I, in the transformer winding, and the main current I^. The 
primary current corresponding to an observ'ed value of will 
be equal to Ip multiplied by the turns ratio of the transformer, 
and not by the nominal ratio. This is the case because the 
equivalent circuit shown in Fig. 2, upon which the method 
depends, ignores the turns compensation. 

The performance of a current transformer can readily be 
checked at any time if the data for the saturation curve is 
determined at the time the transformer is put into service. 
The saturation curve is determined by the method illustrated 
in Fig. 17. The exciting current is measured by the milli- 
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ammeter mA and the secondary voltage by a voltmeter V 
connected to its terminals, the primary winding, of course, 
being open circuited. It will be observed that the voltmeter 
current is included in the milliammeter reading, but, as the 
impedance of the voltmeter will, as a rule, be considerably 
greater than that of the transformer, and as the currents in the 
parallel circuits differ in phase, the results will be very fairly 
accurate if the voltmeter current is ignored. Having the 
saturation data as obtained in this manner, the errors of the 
transformer will be proved to be unchanged if, at any future 
time, one or two points on the saturation curve can be repro¬ 
duced with close approximation. 



Fig. i8—Determining the Maximum Output of a 
Current rRAN‘?tORMER 

Testing the Maximum Volt-Ampere Output of a 
Current Transformer. The variation in the secondary volt- 
ampere output of a current ti ansformer, with constant primary 
current and varying secondary impedance of unity power factor 
can conveniently be observed by the circuit illustrated in Fig. 
i*S. Here the secondary winding of the transformer shunts an 
ammeter, the current coil of a wattmeter and an adjustable 
resistance, the voltage circuit of the wattmeter being connected 
to the secondary terminals, and the primary winding being 
open-circuited. The current in the external circuit is main¬ 
tained at a constant value equal to the primary current at 
which the output is required divided by the turns ratio of the 
transformer. The maximum output can be observed with 
considerable precision on the wattmeter, and the impedance 
giving the maximum output tvill etadently be equal to W/I*, 
where I is the wattmeter current. 




PROTECTIVE TRANSFORMERS 45 

Testing Windings for Protective Current Trans¬ 
formers. —It will be seen later that it is highly desirable to test 
the operation of protective gear by the application of artificial 
fault currents to the circuit in wliich the gear is installed. 
As with modem armour-clad switchgear it is generally imposs¬ 
ible to obtain access to the primary terminals of high-tension 
current transformers, these transformers are sometimes furn¬ 
ished with an auxih-ry primary winding with a number of 
turns of the same order as that of the secondary, into which 
test current can be jaesed froni a low-pressure source. The 
effect of the test current in the auxiliary’ winding is very nearly 
the same as that of eqmvalent current in the primary, and with 
bar primary’ transformers the correspondence is exact if the 
auxiliary winding is uniformly distributed on the core. 

It may be noted that if the auxiliary winding is so propor¬ 
tioned that it forms, with the secondary winding, a transformer 
of unity ratio, the errors can be readily determined before 
installation in the manner described above. 

Transformers for Balanced Voltage Protection. As 
we shall see later, certain systems of automatic protectioi' make 
use of transformers, which are required to furnish an open- 
circuit secondary voltage exactly’ proportional to the current 
flowing in the primary’ conductor. \A'e have already’ seen that, 
when the secondary circuit of a current transformer is open- 
circuited, the whole of the primary current is u.seJ to magnetise 
the core, and the graphical representation between primary’ 
current and secondary voltage will be given by the saturation 
cur\’e of the transformer. With a current transformer of 
normal design, having a closed magnetic circuit, it is therefore 
impo.ssible to obtain a secondary voltage which bears a constant 
ratio to the primary current. Such a constancy’ of ratio over 
a large range of primary currents can only be obtained when the 
reluctance of the magnetic circuit is constant. 'I'liis constancy’ 
of reluctance is obtained by’ the use (d air gaps. If the lengtli 
of an air gap in a transformer core is con<-iderable, the effective 
reluctance of the magnetic circuit will be affected by the 
presence of adjacent magnetic material, and when air gap 
transformers are used in armour-clad switchgear units, the 
small clearances between the transformer and the iron enclosure 
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render it difficult to obtain constancy of reluctance of the 
magnetic circuit at heavy overloads owing to leeikage of the 
flux across the gap into the ironwork enclosure. 

A balanced voltage transformer in which these difficulties 
are overcome must have its magnetic circuit constructed with 
a number of narrow air gaps in series, so that the tendency of 
gap flux to fringe is minimised. Fig, 19 represents the end 
view of the core of such a transformer as developed by the 
Metropolitan Vickers Electrical Co., in which it wUl be seen that 
there are eight air gaps in series in the magnetic circuit. The 
segments of the core are maintained in correct relative position 
by being bolted between non-magnetic end plates. The 
secondary voltage of this type of transformer is very nearly 
proportional to the primary current up to 10,000 ampere-tums. 


Fig. 19.—Core of an Air Gap Current 
Transformer. 


The characteristics of balanced voltage transformers under 
heavy overload conditions are difficult to test directly, unless 
facilities for obtaining high values of the testing current are 
available. A useful approximation to the actual character¬ 
istic is given by the saturation curve of the transformer, with 
secondary current excitation. By this test the value of the 
secondary current at which the impedance begins to decrease 
due to saturation of the iron can be readily observed, and this 
value multiplied by the number of secondary turns will give 
the approximate value of the primary current up to which the 
curve of secondary voltage is linear. 

Voltage Transformers — As the primary winding of a 
voltage transformer is supplied at a voltage which is sensibly 
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constant in normal conditions, the theory underlying its opera¬ 
tion is generally the same as that of a power transformer. 

The simplified vector diagram for a power transformer is 
shown in Fig. 20. I, is the vector of secondary current lagging 
on the secondary voltage V, by an angle 4 >- The prime ry 
voltage Yp is obtained by vectorially adding to V, the com¬ 
ponents I^r and I^x of the drop in the transformer. These 
components are respectively in phase and in quadrature with 
I„ and r and x are respcutivelv the equivalent resistance and 
reactance of the transformer. 

This simplified diagram is applicable to a power transformer 
when handling its rated full load as in these circumtsances 
the exciting current is a relatively small fraction of the total 
exciting current. Willi a voltage transformer the exciting 
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current is comparable in magnitude with the component of 
the primary current supp^nng the secondary output. The 
exciting current circulates in the primary winding only, but it 
will give rise to a pressure drop which will decrease the residual 
voltage available for tran^fo^nation. If the primary imped¬ 
ance be assumed to be one-half the total equivalent impedance 
of the transformer, the effect of the exciting current flowing 
in the primary circuit only can be considered the same as that 
of a current, one-half of the exciting current, supplying the 
secondary output. The vector diagram Fig. 21 (a) applies to 
a voltage transformer ^upplsdng an inductive burden, while 
Fig. 21 (b) applies to the transformer supplying a non-inductive 
burden. In this diagram I^ is equivalent to one-half the excit¬ 
ing current, and lags on by an angle S, equal to the actual 
lag of the exciting current on V^. The vector of I, compoimih d 



48 AUTO PROTECTION OF A.C. CIRCUITS 

with that of I^, gives the resultant vector Ij of a fictitious 
secondary current the effect of which would give a voltage drop 
in the transformer approximately equal to that set up by the 
actual load current together with the exciting current. From 
these diagrams it will be seen that, with a highly inductive 
burden, the vector of secondary voltage leads in that of primarj’ 
voltage. WTien the burden is non-inductive, as in Fig. 21 (b), 
the secondary voltage is seen to be lagging. 

The errors of voltage transformers, in normal conditions, are 
from the point of view of protective gear operation negligibly 
small, and call for no detailed consideration. We may, how¬ 
ever, observe that, as the primarj’ winding consists of a very 
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large number of turns, compensation foi ratio error, with a 
stipulated burden can be made with great exactness^ by the 
removal of a certain number of turns. It is evident from the 
vector diagrams that the phase error of a voltage transfonner 
disappears when the phase angle of the equivalent burden is 
equal to that of the transformer impedance. It is therefore 
possible, by connecting in parallel with the secondary burden, 
an additional impedance having the coireet characteri-tic, 
completely to eliminate the phase error of a voltage transformer. 

Voltage transformers used for the operation of protective 
relays will, in fault conditions, be called upon to deal with 
voltages much smaller than the rated value. If the exciting 
current of a voltage transformer is proportional to the applied 
primary voltage then the vector diagram for a reduced voltage 
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will geometrically be exactly similar to that applicable to 
normal conditions, and the fractional ratio error and the phase 
error will be unaltered. The proportionality of exciting 
current to applied voltage does not, however, obtain, and when 
this applied voltage falls below a point corresponding to 
maximum permeability of the material of the core, the decrease 
in exciting current for a further decrease in voltage will be 
relatively less than tne decrease in load current. At very low 
voltages the length of the \ector I, will therefore tend to bear 
a greater ratio to that of I, than in normal conditions, and 
accordingly the accuracy of transformation will be impaired. 
The increase in the fractional error of a voltage transformer at 
low voltages is not as a general rule greater than one per cent.,^ 
and, from the point of vnew of the operation of protective relays 
this change in ratio error can be neglected. 

The consideration of the transformation of three-phase 
voltages will be deferred at the moment, as the subject is more 
conveniently dealt with in the chapter covering the inter¬ 
connection of protective transformers. 

Capacitor Voltage Transformers.—An electrom. .''netic 
voltage transformer of the ordinary type is necessarily a fragile 
and expensive piece of apparatus for the transformation of 
very high voltages and, on the grounds of economy and relia¬ 
bility switchgear designeis generally endeavour to avoid the 
use of these transformers as far as possible. A secondarj' copy 
of the phase to earth voltage ol a high pressure couductor can 
be obtained by means of a condenser potential divider, but, 
unless the total capacitance is considerable, the component 
secondart’ voltage will only .'e correct for a negligible burden, 
and considerable ratio and phase errors will occur if an appre¬ 
ciable current is taken from the tapping point. 

The capacitor voltage transformer is a device whereby, with 
a condenser potential divider of moderate capacitance, the 
voltage on a .secondary burden is practically independent of 
its impedance. This constancy of secondary voltage is obtained 
by the use of a reactance in the circuit parallel to the earthed 
section of the potential divider. Resonance of this reactance 
with the capacitance in parallel causes the voltage on the 
capacitance to rise automatically as the burden impedance is 
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reduced so that the voltage on this burden always remains 
sensibly constant. 

The diagram of connections of a typical capacitor voltage 
transformer current is shown in Fig. 21A (a). Connected in 
parallel with the earthed section of a condenser potential 



divider is a circuit comprising a reactor and a double wound 
transformer which supplies the secondary burden. The trans¬ 
former is used merely to isolate the secondary burden and to 
allow of adjustment of the secondaiv' voltage irrespective of the 
exact ratio of the condenser ratio. The circuit is e\’idently 
equivalent electrically to that shown in Fig. 21A (b). 

The complete theory of the capacitor voltage transformer is 



Fig 21B—^Vector Di\grv.m ior (.-.\p\citor V<)Lr\oE Tkvnsformer 

somewhat complicated, but a good general understanding of 
this theory will be obtained by a careful study of the vector 
diagram. Fig. 21B, which applies to a secondary burden of 
unity power factor. Considering first the full-line vectors. 
Is and Vs represent the secondary current and the voltage on 
the secondary burden. Compounding with Vs the drop in the 
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reactance we obtain VJ, the vector of the voltage on the earthed 
section of the condenser potential divider. The current I' in 
thi-s section leads VJ by go degrees. The resultant of and I, 
is the current in the second section oi the condenser, 4 The 
voltage on this second section is represented by the vector 
lagging Ig by 90 degrees. Finally, the resultant of and Vi 
gives V, the primary voltage, ^\^ich, due to the electrical 
constants of the ciicuit, is in phase with the secondary voltage 

V,. 

Suppose, now, that the impedance of the secondary burden is 
doubled and that the secondary voltage remains unchanged in 
magnitude and phase. The secondary current IJ will have one 
half its former value, and the drop in the reactance will also 
be halved. The conditions are now represented by the dotted- 
line vectors, and a little study of the geometry of the diagram 
will show’ that the new vector will assume such a position 
that, compounded with the new vector VJ, it wall reproduce the 
original primary voltage V. 

An independent unit may be used for the condenser potential 
divider, but it is customary to use the bushing of an oil current 
breaker or pow’er transformer terminal by adding a c* ndenser 
sheath to the outer layers of insulation and providing a tapping 
terminal. The reactance is usually incorporated in the double 
wound transformer and is adjustable by variation of the air 
gap of a magnetic shunt. Tappings are provided on the second¬ 
ary winding so that the required secondary voltage can be 
obtained. 

Polarity Markings of Current and Voltage Trans¬ 
formers.—The rules for marking the polarities of current 
and voltage transformers are laid down in B.S. Specification 
No. 81. According to these rules the same sequence of index 
marks represents the same direction of the induced E.M.F s 
in the circuits to which these marks apply. For current trans¬ 
formers the standard marks are M and L for the primary and 
(m^ and (£) for the secondary. The primary and secondary 
windings of single-phase voltage transformers are respectively 
V+ and V, and (^+j and (£). Three-phase star/star voltage 
transformers bear the marks A, B, C and N for the primary 
and 0, @, @ and @ for the secondary. 
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In Fig. 22 (a) is shown a voltage transformer marked in 
accordance with the standard convention. The full line arrows 
show the directions of the E.M.F.s induced in the two windings 
at any instant. The dotted arrow shows the direction of the 
applied voltage in the primary winding at the same instant. 
In Fig. 22 (b) the primary and secondary windings are shown 
joined in series, terminals of unlike markings being connected 
together. It will be seen that if a voltage is applied to the 
series combination, the drop across either component is less 
than the applied voltage. This is given in the B.S. Specifica¬ 
tion No. 8i as a criterion to determine the correctness of the 
marking. It is very convenient for transformers in which the 
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ratio is small. When the ratio is large, the \oltage drop across 
the high-pres.sure winding will differ so little from the applied 
voltage that it may be difficult to determine which of these 
voltages is the greater. 

Returning to Fig. 22 (a), it is seen that the temiinal marking 
is so arranged that, if the ratio of the transfonner were unity, 
and the transformer were cut out of circuit, and primary and 
secondary leads joined together in paiis taken from terminals 
with similar markings, the direction of the current in the 
secondary circuit would be unchanged. 

A convenient method of checking the correctness of trans¬ 
former terminal markings will be readily understood by a 
consideration of Fig. 23. Here is shown one winding connected 
through a switch to a source of direct current, and the other 
winding connected to a mo\ing coil voltmeter. If, on making 
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the direct current circuit, a forward kick is obtained on the volt¬ 
meter. the transformer terminals joined respectively to the 
positive pole of the D.C. supply and to the positive pole of the 
voltmeter should bear similar markings. The reason for this 
rule will be easily followed by a stud\ of the diagram in which 
the induced E M F are shown by full line arrows and the 
applied voltage fi^otn the I) ('. soun<’ by dotted arrow. When 





Fit. 23 —Checking ihe Polarity Markings of Instrumeni 
Transformers 

the D.C. supply is interrupted, the flux in the core disippears, 
the direction ot the induced E.M.F.s reverses, and the voltmeter 
pointer shows a backward kick. The rale for applying this 
test can be stated in another form by saying that, if the terminal 
marking is correct, the deflection of the voltmeter pointer on 
making the D.C. circuit will be the same as if wires joined to 
similaily-marked terminals were joined together. 

Both current and voltage transformers can be tested by the 
method just desciibcd The voltmeter should be connected 
to the wilding having the greatest number of turns. 



Chapter III 


THE INTERCONNECTION OF CURRENT AND 
VOLTAGE TRANSFORMERS 

As a current or voltage transformer provides, in a completely 
insulated circuit, a current or voltage bearing a fixed ratio to 
the current or voltage in the main circuit in which it is con¬ 
nected, it is possible, by suitable interconnection of the second¬ 
ary windings of such transformers connected in a two- or three- 
phase circuit, to obtain resultant currents or voltages which 
correspond to the vector addition or subtraction of the corres¬ 
ponding currents or voltages in the main primary circuit. The 
operation of many systems of automatic protection depends 
upon methods of interconnecting current transformers whereby 
no current appears in one part of the circuit except on the 
occurrence of a fault. We proceed now to a detailed study of 
the various methods of interconnecting protective transformers. 
The fiast stage of this study is concerned with the results of the 
interconnection of transformers which are assumed to be free 
from errors in all conditions of loading. The second stage is 
concerned with an examination of the effects of errors of trans¬ 
formation on the conditions as deduced on the assumption of 
perfect transformation. This part of the subject is one of con¬ 
siderable complexity, and, due to the fact that the errors of 
instrument transformers cannot be expressed by a rational 
formula, it is not possible to obtain more than general indica¬ 
tions of the effect of these errors on the currents or voltages 
in the circuit arising from the interconnection of the trans¬ 
formers. 

Star Connection of Current Transformers in Three- 
phase Circuits.—By the use of two current transformers only, 
secondary currents can be obtained corresponding to each of 
the three line currents in a three-phase three-wire circuit. 
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The method of connecting two transfoimers to give the three 
line currents is shown in Fig. 24. The common return lead for 
the transformers in red and blue phases is seen to carry a current 
proportional to the resultant of the currents in these two 
phases. Since, in a three-phase three-wire circuit, any line 
current is equal and opposite to the sum of the other two, 
the common return lead of the circuit of Fig. 24 will carry a 
current proportional i j, but opposite in direction, to the current 
in the white phase. If the circuit shown is part of a system 
with an earthed neutral, and an earth fault occurs in the 
circuit on the white phase line, on the side of the transformer 
remote from the supply, then manifestly no current can appear 
in any part of the secondary circuit. The three-phase system 
is now no longer three-wire, but four-wire, the earth return in 



Fig 24.—Two Current Transformers in a Three-Phase Circuit. 

this instance constituting the fourth wire. In order to obtain 
a secondary current corresponding to the primary current in the 
white phase line due to an earth fault, a third current transformer 
must be used, witlj^ts primary in the white phase, and its 
secondary connected^ the place of common return for the red 
and blue phase tra mjw qier secondaries. Three transformers 
are showR connectdlHj^his fashion in Fig. 25. From this 
diagram it will be seen tfij||a new common return wire has been 
added, so that the seco^pity system is a four-wire one. The 
reason for this must be clearly apprehended. Suppose the 
fourth wire to the common connection of the transformer 
secondaries be omitted, and primary current, due to an earth 
fault, flows in one only of the primary windings. The secondary 
circuit for the current transformer in this line now comprises 
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the secondary windings of the other two transformers in 
parallel, and the secondary current must flow through these 
windings. As the primary windings of the transformers in 
the lines not carrying current are open-circuited, the burden 
of the third transformer will comprise the open-circuit second¬ 
ary impedances of the idle transformers. We have seen that 
these open-circuit impedances are of an order very much 
greater than that of the normal burden of a current transformer. 
The secondary current delivered by the transformer whose 
primary is carrying current will therefore be very low. When 
the fourth common return wire is added, as shown in Fig. 25, 
there is a low impedance path for the secondary’ current of any 
one transformer, and this current will then be representative ol 
that in the primary of the transformer. 


ABC 



Fig. 25—Three Currevt iRAssroRM 



When the circuit is free from earth faults, the algebraic 
sum of the three line currents is known to be zero at all times. 
The secondary currents of all three transformers can be con¬ 
ceived to be flowing simultaneously in the fourth or common 
return wire, and, as these currents are in phase with, and all 
bear the same ratio to the primary currents, their sum will 
also be zero at all times, and the current in the common return 
will be zero. 

The absence of current in the fourth wire of the circuit 
considered applies to all conditions in the main circuit, so long 
as this circuit is three-wire, and that no current flowing in 
one line returns to the supply, either through earth or through 
a fourth wire in the main circuit. The absence of current is 
not dependent upon the currents in the main circuit being 
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balanced. That this is the case can be readily understood by 
considering the extreme case of unbalance, that of single-phase 
current in two lines only. In this case the secondary currents 
of the current transformers in these two lines will evidently be 
equal and opposite, and, if these currents be conceived 
flowing simultaneously in the fourth wire, their resultant 
will be zero. 

If, however, the in .antancous sum of the three line currents 
ceases to be zero, due to an earth fault, the conditions will be 
as illustrated in the vector diagram of Fig. 25. Here, the 
three vectors of line cunents do not cancel, but give a 
resultant I,,. This resultant will flow in the fourth wire of 
the secondary system, and i« known as a residual current. 

Here, then, we have the first ex^ample of an interconnected 



} 10 20 —Four Current Transformers in a 
Three>Ph\se Four-Wire Circuit. 


system of current transformer secondary windings, in which 
one component of the system only carries current in abnormal 
circumstances when a circuit, nominalty three-wire, becomes, 
through the incidence of an ea^-th fault, four-wire. The circuit 
shown in Fig, 25 is used extensively for what is usually known 
as leakage protection, a relay connected in the fourth wire 
being, except for current transformer imperfections, unrespon¬ 
sive to overloads or short-circuits between phases, but answering 
to a high degree of sensitivity to earth faults. 

A system of interconnection similar to that shown in Fig. 25, 
but applicable to three-phase four-wire circuits is shown in 
Fig. 26. Here, it wall be seen, a fourth current transformer has 
been connected in the fourth wire of the system, and a common 
return ware provided so that the complete secondary svstem 

E 


58 AUTO PROTECTION OF A.C. CIRCUITS 

is five-wire. It will be readily understood that with a current 
flowing in one phase and returning through the neutral main, 
no current will appear in the fifth or common return of the 
current transformer secondary network. 

Delta Connection of Current Transformers.—The delta 
connection of three current transformers in a three-phase circuit 
is shown in Fig. 27. Each of the three leads from the common 
connection of two transformer secondaries will be observed to 
carry the difference of the secondary currents of these tw’o 
transformers. The vector diagram for a balanced system of 



Fig 27.—Delta-Connected Current Transformers 


currents shows that each resultant current is V3 times the 
current in the transformer winding, and is displaced 30 degrees 
in phase with respect to each of the line currents of which it is 
compounded. 

The vector diagram for an unbalanced load is also shown in 
Fig. 27, and, from an examination of this diagram, it will be 
seen that the vectors of the resultant currents flowing from the 
delta form a closed triangle, which is formed by joining the 
extremities of the vectors of the line currents. Of these 
resultant currents, therefore, any one is the reversed resultant 
of the other two, and this applies, whether the main circuit is 
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three-wire, or due to an earth fault, temporarily four-wire. 
This is a very important result, which will be referred to here¬ 
after. 

As the currents flowing from the delta are, with a balanced 
system of primary currents, equal to Vs times the secondar\' 
current of the transformers, any apparatus connected outside 
the delta must, for five-ampere current transformers, be wound 
for a maximum cuncnt of 8-66 amperes. 

It is a characteristic of the delta method of connecting current 
transformers that a current in any one of the three lines of the 
main circuit will cause a current to appear in one of any two of 
the leads carrying current from the delta. Response to either 
short-circuit, earth fault, or overload conditions can be obtained 



by the use of two relay elements only connected in any two of 
these leads. An alternative connection of current transformers 
which secures this result is shown in Fig, 28. This method is 
usually known as the Z connection. Each of the relay windings 
carries the vector sum of tw'o line currents, so that a current 
in any line will be reproduced in one of these elements. It 
will be seen from the accompanying vector diagram that, with 
a balanced load, the current in each of the relays is equal to 
that in the current transformer secondary windings, and such 
relays will therefore be designed for a rated current of five 
amperes. The diagram indicates the method of connecting 
a watthour meter in the Z network so as to secure a correct 
association of currents and voltages in the meter. 
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Three- to Two-phase Transformation.—It is necessary, 
for certain purposes, lo transform the three-phase system of 
secondary currents furnished by three current transformers 
into an equivalent two-phase system. The usual method of 
doing this is shown in Fig. 29, from which it will be seen that 
one phase of the two-phase system is identical with one phase 
of the three-phase secondary system. The second phase of the 
two-phase system is the vector difference of the currents in 
the remaining two phases of the three-phase system. Since 
this difference will, for a balanced load, be V3 times each of 
its components, the rated secondary current of the two trans¬ 
formers which are interconnected to give this difference will 
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be, for a five-ampere secondary system, 5/^3 = 2*89 amperes. 
The two-phase currents will then each be five amperes, when 
the main three-phase primary lines carry their rated current. 

The Interconnection of Voltage Transformers.—For 

electrical measurements a secondary system of three-phase vol¬ 
tages is usually obtained either by the open-delta or V connection 
of two single-phase voltage transformer^, as shown in Fig. 30, or 
by the use of a three-phase voltage transformer, connected 
star^ star, as .shown in Fig. 31. The secondary voltages between 
phases, with either of these methods of interconnection, gives a 
true representation of the primary line voltages in all con¬ 
ditions. Three-phase voltage transformers used for electrical 
measurements are generally of the core type, and, due to the 
well-known properties of this type, the secondary neutral or 
the common connection of the three secondary windings gives 
a valid representation of the potential of the neutral of the 
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primary system in which the transformer is connected, as long 
as this primary neutral carries no current. The secondary 
voltages between phases and neutral are therefore proportional 
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30—\ Connection OF Fig 31—Three-Phase Voltage 

Single-Phase \oltage Transformer 

Transi ormers 

to the primary phase voltages. The three primary line vol¬ 
tages can appear as star voltages on the secondary side by the 
use of a delta-star voltage transformer, as shown in Fig. 32. 



I Kt 32 - IJlirvSlXK lllRlP Pp \SL \ 01J Iransiormir 

If the neutral of a three-phase system is earthed, then, as 
long as the system remains three-wire, the centroid of the 
tr iangl e of voltage vcctors at any point on the system will 
correspond to earth potential, however unbalanced the load 
carried by the system may be, provided all lines are of equal 
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impedance. That this is the case will be evident from the con¬ 
sideration that, as the vectors of the line currents form a closed 
triangle, the vectors of line voltage drops will likewise form a 
closed triangle. Subtracting from the symmetrical system of 
E.M.F. generated by the alternators, these line drops, we 
obtain a resultant triangle of voltage vectors whose centroid 
is identical with that of the original triangle. This point is 
illustrated in Fig. 33, which shows the unbalancing effect of 
single-phase loading. It therefore follows that if the primary 
windings of three single-phase voltage transformers be star- 
connected, with the star point earthed as shown in Fig. 34, 
the vectors of secondary voltages will form a closed triangle. 



ABC Voltage system at source. 

AA^, CC^ Vectors of line drop due to single-phase load. 

Resultant voltage system a1 load. 

O Common centroid of ABC and A'B*C*. 

Fig. 33.—The Unb.vlancing of a Three-Phase Voltage System by a 
Single-Phase Load. 


and if the secondary windings be connected in delta with one 
point open, no voltage will be found across this open point. 
If, due to an earth fault, the main system becomes four-wire, 
the vectors of voltage drop, being proportional to the line 
currents, will no longer form a dosed triangle. The same 
condition will apply to the vectors of the phase voltages to earth, 
and the vector sum of these voltages, represented on the 
secondary side of the intercoimection shown in Fig. 34 by the 
voltage across the open point of the delta, will assume a value 
and phase depending upon the magnitude of the earth fault 
current and the impedance of the paths through which it flows. 
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This voltage, being the resultant of the three phase voltages, 
evidently analogous to the residual current which appears 
the fourth wire of the current transformer network shown 


ABC 



Fig. 34 —Voltage Transformer Connection for Residual Voltage. 


Fig. 25, and both residual current and residual voltE^e are 
due to the same cause, viz., an earth fault current. 

The maximum value of the residual voltage occurs when one 



I'lG. 35 —Illustrating the Conditions for Maximum Residual Voltage. 


phase of the system is earthed at a position near to the voltage 
transformer, and the main earthing arrangements are such 
that the three-line voltages are relatively unaffected. This 
condition is shown in Fig. 35. It is seen that the transformer 
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connected to the faulty line is short-circuited, and that the 
other transformers have full line volts on their primary wind¬ 
ings. The voltage V, across the open point in the delta is 
seen to correspond to ^^3 times the line volts, or to three times 
the normal voltage on one of the secondary windings. If, 
therefore, the normal secondary voltage is iio, any relay con¬ 
nected in the delta must be designed for a voltage of 330 dunng 
short periods. 

The residual voltage due to the unbalancing of the voltage 
system set up by an earth fault, cannot be indicated by a three- 
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phase voltage transformer of the usual core type. This is 
because the magnetic circuit of such a transformer is what 
may be described as three-wire, in that, as there are three 
limbs only through which the flux circulates, the flux set up 
m any one of these limbs must find its return path through the 
other two If such a transformer is connected to a three- 
phase system, with the star point of its primary windings 
earthed, then the incidence of an earth fault in the system 
adjacent to the transformer will extinguish the voltage to 
earth on the faulty phase. There will be a voltage to earth on 
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the other phases, and these voltages will set up fluxes in two of 
the limbs of the core The resultant of these fluxes will find 
a return path through the limb corresponding to the earthed 
phase, and this resultant flux will induce a fictitious voltage in 
the secondary winding corresponding to the earthed pha«e. 
The voltage across the open point of the delta of the secondary 
windings of the transformer will therefore not be the true resid¬ 
ual voltage. For tixis residual voltage to be accurately repro¬ 
duced on the secondary <=ide of the transformer, a three-phase 



transformer of the shell tj'pe, with independent magnetic 
circuits, or three single-phase voltage transformers, must be 
used. When it is desired to retain the ordinary star-connection 
of the voltage transformer secondaries for energising measuring 
instruments, the residual voltage can be obtained by a delta 
tertiary winding on the three-phase transformer, or by an 
auxiliary voltage transformer, having unity ratio, energised 
from the secondary side of the main transformer. These 
schemes of connection are indicated in Figs. 36 and 37. 

The transformation of three- to two-phase voltages is not 
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required for automatic protective systems so frequently as is 
the corresponding transformation for currents. Many systems 
can be devised for this transformation, the simplest being the 
well-known Scott connection. The application of this connec¬ 
tion by the use of an auxiliary bank of transformers energised 
from the secondary side of a three-phase voltage transformer is 
shown in Fig. 38. The connections can evidently be so 
arranged that the secondary voltages on the two-phase side are 
in phase with the two-phase secondary currents given by the 
network shown in Fig. 29, when the main three-phase system 
is balanced and the power factor is unity. 

Neutral Inversion.—Reference was made on page 63 to the 
abnormal pressures that can be imposed on the primary wind¬ 
ings of star-connected voltage transformers with an earthed 
neutral point, in faulty conditions. These pressures are, of 
course, set up when the neutral of the source of supply i') also 



Fig. 38a. 


earthed. There is another condition in which abnormal 
pressures on star-connected voltage transformers can 
appear; this is when the neutral of the supply source is 
unearthed, and the only earth-connection of the system is the 
neutral point of the transformer primaries. 

Consider Fig. 38(a) ; here VT is a set of star-connected 
voltage transformers for an isolated alternator, the neutral 
terminal of which is not connected to earth. The only currents 
flowing from the machine are those in the lime capacitances, C 
to earth, and those in the transformer primaries. If all these 
primaries are coimected to the main conductors, and the 
impedances of these three currents are equal and linear, then the 
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load on the machine will be balanced, and in the vector dia¬ 
gram of line and star voltages, the point corresponding to the 
earthed neutral will be the centroid of the triangle of line- 
voltage vectors. Suppose, however, that one primary 
winding only is connected, say to Y line, the load 
in the machine will now be unsjTnmetrical, and wiU comprise 
the two equal capacitances of lines R and B, and the trans¬ 



former winding shunted by a line capacitance, of line Y. 
Suppose that this parallel circuit has a resultant phase angle 
8 . Then it is easy to see that the position of the point O in 
the vector diagram of voltages. Fig. 38 (b), will Ime on the seg¬ 
ment of a circle BOY, constructed on the median YD of the 
triangle of line voltage vectors RYB, and containing an angle 
equal to 90-^, and that the voltages to earth of the three lines 
will be OR, OY and OB respectively. For taking any point O 
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on the segment, the resultant of the currents in the R and R 
line capacitances will lead qo degrees on the resultant OD of 
the corresponding line-to-earth pressures, and the reverse of 
thib resultant, OJ, the current in the shunted transformer 
winding will therefore lag the Y line-to-earth pressure, by the 
correct angle 6 , The position of the point O on the segment will 
be determined by the condition that the ratio of OY to OD is 
equal to the ratio of the impedances of the shunted transformer 
winding to a line capacitance. The diagram is constructed for 
an angle of 30 degrees, and it is seen that the point O lies 
without the line-voltage vector triangle. Thib phenomenon 
is known as neutral inversion. In the condition shown, w’hen 
^=30, it is easy to see that the voltage-to-earth of R line is 
greatest w’hen OR passes through the centre of the circle of 
which BOY is a segment and that its value is then 2( V 3 =? 

1*366 times line pressure. As 6 , corresponding to the reactive 
impedance increases, then regarding tlie point O corresponding 
to earthed potential as fixed, the line-voltage triangle RYB 
wdll move further and further to the left, and the possible* values 
of the line-to-earth voltages will continually increase. It is 
not difficult to see that a somew^hat similar condition can arise 
if tw^o transformer windings only are connected to the main 
dondutors 

So far w*e have assumed that the impedance of each trans¬ 
former winding is linear, that is, the current in it is exactly 
proportional to the applied pressure. Actually, howwer, this 
is not the case, and because of magnetic saturation, the limpe- 
dance tends rapidly to diminish after the applied pressure 
exceeds a value depending upon the design. The impedance 
characteristic of a parallel circuit comprising a transformer 
winding shunted by a capacitance is therefore, a-, regards 
reactive current, as shown in Fig. 3S(c). The total current 
passing into the parallel combination is the difference^ of tlie 
lagging reactive current in the transformer and the leading 
current in the capacitance. Tliis total current therefore 
varies with applk*d voltage in the mann(*r shown by th(^ curve 
OABC, and it is seen at once that in the n‘gion AB the impe¬ 
dance of the parallel circuit is unstable, in that a rise of 
pressure causes a diminution of reactive current. The conse- 
quencf* of this is p(‘culiar ; wlum all three transformer windings 
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of the circuit of Fig. 38(a) are connected, and, perhaps because 
of some transient condition, the impedance of the parallel 
circuits assumes an anomalous value corresponding to the region 
AB of the curve of Fig. 38(c), an unstable condition is set up, 
and the voltages-to-earth of the system take abnormally high 
values like those corresponding to the neutral-conversion 
conditions of Fig. 38(b). Oscillograph records show that the 
point O of the diagra’^. of line and star pressures is not station¬ 
ary but rotates relativtdy to th(' bn^-voltage triangle at speed'^ 



that may correspond to double or half the circuit frequency. 
This rotation i■^, of course, due to the distorted wave forms of 
the line-to-earth voltage- ; for as the currents in the star- 
connected load branches must be sinusoidal, the voltages 
necessary to produce them in branches of anomalously varying 
impedance must be very distorted. xV diagram like Fig. 38(b), 
showing tht‘se voltages with a rotating neutral point O, is not 
a vector diagram, but merely a geometrical representation of 
the circuit conditions. 

This kind of neutral inversion, due to the peculiar character 
of the shunting of a non-linear reactive impedance by a capaci¬ 
tance, is evidently mitigated by loading the voltage transfor¬ 
mers with resistance, for this is practically equivalent to 
resistance shunting and hence to the stabilising of the impe¬ 
dances of the star-connected circuits. This kind of stabilisation 
can be obtained without the imposition of a permanent resis¬ 
tance burden on the transformers by providing them each with 
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a tertiary winding, as in Fig. 37 and by closing the delta con¬ 
nection of these windings, through a resistance. This resistance 
will then carry appreciable current only when, due to a tendency 
to neutral inversion the residual voltage tends to rise to an 
abnormally high value. The danger of this kind of neutral 
inversion is also reduced if the voltage transformers are so 
designed that their impedances are linear for pressures con¬ 
siderably in excess of the rated values. Of course, if the neutral 
of the supply source is earthed, the system, as regards the vol¬ 
tage transformers is virtually 4-wire, and no condition of 
instability can occur. 

The Effect of Current Transformer Errors in Inter¬ 
connected Circuits.—We have, so far, neglected the errors of 
current transformers when considering the compounding of 
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Fig 39 —Elementary Differential Circuit 


secondary currents in interconnected circuits. We shall con¬ 
sider the effect of these errors in a very simple method of inter¬ 
connection which, in various forms of development, is exten¬ 
sively used for the protection of electrical machinery. This 
circuit is illustrated in Fig. 39. Here the circuit is considered, 
for the sake of simplicity, to be single-phase. M is the winding 
of the machine to be protected, at each end of this winding is 
a current transformer, and the secondaries of the two current 
transformers are connected in series. The winding of a pro¬ 
tective relay R is connected to the circuit in the manner shown. 
The elementary explanation of the circuit is that so long as 
there is no fault in the primary circuit between the two current 
transformers, the primary windings of these transformers carry 
equal currents. The secondary currents will also be equal, 
and these currents will circulate in the main secondary circuit, 
while there will be no current in the relay winding. If a fault 
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occurs in the primary circuit between the two transformers, 
one of these transformers wUl carry a primary current greater 
than the other. This difference will be reproduced in the 
secondary circuit, and the difference between the secondary 
currents of the two transformers will flow in the relay winding. 
With transformers having no errors it is easy to comprehend 
the non-appearance of current in the relay in normal conditions, 
since this relay can I'e conceived as canying two exactly equal 
currents flowing in opposite directions. 

The effect of current transformer errors on the behaviour of 
this circuit is two-fold. In the first place these errors usually 
result in the appearance of a current in the relay winding when 
the primary currents are identical. This relay current will be 
small with normal values of the primary current, but may 



XX} = Vector difference of exciting currents. 

Fig 40 —Vector Diagram for Fig 39. 

increase to such a value as will operate the relay if the equal 
values of the primary current rise to excessive values due to 
fatilts external to the apparatus protected. Secondly, the 
effect of transformer errors is to make the actual value of the 
current in the relay less than that indicated by the nominal 
ratio of transformation. 

The appearance of current in the relay winding with equal 
primary currents is manifestly due to a difference in the errors 
of the current transformers. Let us consider the arrangement 
shown in Fig. 39 (b), in which the two secondary circuits are 
isolated. The difference between the two secondary currents 
wUl evidently be equal to the current which would appear in a 
relay connected as shown in Fig. 39 (a) with negligible imped¬ 
ance. If we assume that the secondary impedance, and the 
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phase angle between the vectors of secondary and exciting 
currents in the two transformers is the same, the vector dia¬ 
grams for these transformers can be exhibited in the manner 
set out in Fig. 40, where the points X and X* of the vector tri¬ 
angles lie on a circle, since the angles at these points are assumed 
to be equal. From this diagram it is evident that if the magni¬ 
tudes of and 1/ are small as compared with the secondary 
currents, then the difference in these secondary currents, 
represented approximately by the arc XX^, is very nearly 
equal to the difference in the exciting currents for voltages 
corresponding to I, and I,^. As the secondary currents are 
nearly equal, and the secondary impedances the same, the 




Fig. 41 —Graphical Construction for Difference of Secondary 
Currents in Fig. 39 

difference between these currents, which would flow in a relay 
of negligible impedance, is equal to the difference in the exciting 
currents for equal voltages. 

If the secondary impedance and the primar}' current have 
such high values that the exciting current becomes comparable 
in value with the secondary current, due to saturation of the 
iron of the transformers, the conditions can be studied by con¬ 
sideration of Fig. 41 (a). Here are plotted the saturation curves 
of the two transformers for high flux densities, and the scale 
of vertical ordinates is such that these ordinates, for the equal 
secondary impedances, represent secondary currents to the same 
scale as the horizontal ordinates representing exciting currents. 
If we assume that the secondary currents and the exciting 
currents are in phase quadrature, then an arc of a circle with a 
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given primary current, reduced 13 a secondary value, will cut 
tlie saturation curves in two points P and P^. It is easy to see 
that the arc PP^ is approximately equal to the vector difference 
between the two secondary currents, and that, if the two satur¬ 
ation curves become approximately equidistant, this difference 
in the secondary currents tends to a limiting value, which 
depends upon the saturation voltages 'if th#' two transformers. 
The construction in tk diagram t an evidently be modified for 
cases in which the phase difference betw^een the vectors of 
secondary and exciting currents differs from 90 degrees, by 
plotting the saturation curv-s with oblique co-ordinates, and 
in such a case, the value of the difference between the secondary 
currents will also tend to a limiting value. 

If the values of the secondary impedances of the two trans¬ 
formers are not the same, then, in order to carry out the graph¬ 
ical construction of Fig. 41, it will be necessary to adjust the 
scale of the vertical ordinates of one of the saturation curves. 
If, for instance, the impedance of the secondary circuit of one 
of the transformers be only one-half that of the other, a given 
secondary current in the transformer having the low^er imped¬ 
ance will only require one-half of the voltage that the s me 
current will require in the other transformer. The two satur¬ 
ation curves will then be plotted as shown in Fig. 41 (b), from 
which it is seen that the difference in the secondary currents is 
very greatly increased. 

The foregoing discussion shows the order of the current 
which may be expected to be found in the relay windings of the 
circuit shown in Fig. 39, w^hen the impedance of the relay is 
negligible. It is evident that the value of the relay current 
will depend upon the value of ^he relay impedance, and that 
the relay current will tend to zero as the relay impedance 
increases indefinitely. Let us now consider the circuit shown 
in Fig. 42. The conditions are now the same as shown in 
Fig. 39, when the impedance of the relay is infinite. We now 
have the primary and secondary currents equal in both trans¬ 
formers, and if the difference in phase of secondary and exciting 
currents and the number of turns be assumed to be the same, 
the exciting currents will also be the same in the two trans¬ 
formers. Unless the saturation curves are identical equal 
exciting currents wdll produce unequal secondary E.M.F.s. 

F 
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The voltage required to drive the secondaiy current through 
the secondaiy circuit will thus be divided unequally between the 
two transformers. The division of the total secondary voltage 
is illustrated in Fig. 43. At (a) we have shown the condition 
when the total secondary voltage is shared equally betw'een 
the two transformers, this voltage being plotted against second¬ 
ary impedance. The diagram shows that points in the 
circuit which divide the secondary impedance equally, have no 
potential difference between them. If the saturation curves 
of the transformers differ as shown at Fig. 41, there will be a 
potential difference at these points which is equal to one-half 
the difference of the secondary voltages. If the difference 
between the secondary voltages tends to a constant value at 
saturation, as shown in the curves in Fig. 41 (a), then the poten- 



Fig. 42.—Differential Circuit Fig. 43. Illustrating 
WITH Infinite Relay Impe- Fig 42 

DANCE. 


tial difference between the two points in the secondary circuit 
of Fig. 42, dividing the impedance equally, will also tend to 
a constant value. If a relay be connected between these 
points, and the impedance of the relay be considerable, then 
the current in such a relay may also be considered to tend to a 
limiting value at saturation. 

We have seen that the current in a relay connected as shown 
in Fig. 39, with equal primary currents, depends upon the relay 
impedance. It is also evident that the potential difference on 
the relay winding will also depend upon its impedance. The 
effect of connecting a relay to the circuit shown in Fig. 42 will 
be to reduce any potential difference between these points. 
We can therefore assign a maximum value to the value of the 
current in a relay connected, as shown in Fig. 39, to points in 
the circuit which divide the secondary impedance equally. 
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I his value will be equal to one-half of the difference between the 
secondary voltages of (he transformers at saturation divided 
by the relay impedance. If this maximum value is less than 
the current which will operate the r'^laj'. then no current in the 
primary circuit, however large, will affect the relay, provided 
that no fault exists in the part of the circuit between the 
current transformers. 

Effect of Relay Impedance on Primary Operating 
Current.—Although, in the ciicuit shown in Fig. 30, we can 
reduce the relay current \vith high values of equal primary 
currents as much as may be desired, by increasing the relay 
impedance, this increase in impedance will manifestly affect 
the value of the differen^'e in the piimaiy’ currents required to 

Relay 

-p—- 

m 

CD 

Fig 44 —Equi\ ^^lent Circuit to Fig 39. 

cause operation of the relay. If we consider that the only 
current in the primary circuit of Fig. 39 is fault current flowing 
in one of the current transformer primaries, the burden of the 
transformer will evidently include the relay impedance. The 
secondary current furnished bv the active current transformer 
will also be partly shunted into the secondary winding of the 
idle transformer. If the relay impedance is considerable in 
relation to the remainder of the secondary circuit, then the 
equivalent circuit may be taken to be as showm in Fig. 44. 
This circuit is based on the same conceptions as underlie the 
circuit originally considered on p. 17, and as in Fig. 44, the 
burden is shunted by two secondary windings in parallel, 
the errors of transformation will be of the order of twice those 
which would occur if the active transformer were connected to 
the relay only. 
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If botli transformei's are carrying primary currents, and 
these currents, due to a fault, are unequal, the difference current 
required to produce the operating current in the relay can still 
be considered in reference to the equivalent circuit sho\vn in 
Fig. 44. In this case, however, the transformer secondary' 
windings, considered as impedances shunting the relay, are 
excited to a voltage equal to that required to circulate the 
secondary current corresponding to the smaller primary current 
through the two secondary windings, while the current applied. 
to the parallel combination in the equivalent circuit will 
correspond to the difference in the primary' currents. The 
shunting effect of the transformer secondary windings will 
therefore depend upon the differential impedance for the 
voltage corresponding to the circulating current, rather than 



Fig 45.—V\RiATiON of Fault Current 10 Trip 
Rel\y in Fig 39 with Lo\n Current^ 


the total impedance. A reference to Fig. 7 shows that the 
differential impedance of the transformer secondary windings 
is for moderate voltages much greater than the total impedance 
for zero voltage. The shunting effect of the current transformer 
secondaries thus diminishes at first as the value of the circulating 
current increases. WTien the voltage due to the circulating 
current approaches that of saturation the differential impedance 
rapidly diminishes, and the difference in the primary currents 
required to operate the relay rapidly increases. A typical 
curve showing the relation of difference, or fault, current to 
cause relay operation and circulating current is shown in 
Fig- 45 - 

This matter may be considered in another manner by a study 
of Fig. 46. We have here a saturation curve which we assume 
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to apply to both transformers. If one of the current transform¬ 
ers carries no current, then the total secondary voltage of the 
other transformer when the relay is carrying its operating 
current will be made up of the voltage OiPj on the relay, and 
PiQi the voltage drop in the secondary winding and in the 
connecting leads between the transfonner and the points at 
which the relay is connected. The total exciting current to 
give this voltage will b^ A^Ci. Due to the fact that the secondary 
of the second transformer shunts the relay, an exciting current, 
corresponding to O^Pi Avill pa.ss into this transformer. The 
total exciting current which has to be supplied from the 



primary current of the first transformer is thus AiBi-t- A^Cj. 
If the difference current in the one transformer, due to a fault, 
is superimposed on a load current common to the two trans¬ 
formers and the common secondary voltage due to the load 
current is OiOj, then the secondary voltage of the transformer 
carrying the fault current must increase from OjO, to O^Qj, 
if sufficient current is to pass into the relay to cause it to oper¬ 
ate. This increase in the secondary voltage will require an 
increase in the exciting current of AjBj -|- AjCj, which is derived 
from the fault current. This exciting current is seen to be less 
than that required, when there is no load current in the primary 
circuit. If the load current assumes a high valqe so that the 
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common secondary voltage due to this current assumes such a 
value as OjOg, then the necessary increase in the secondar}’ 
voltage of the transformer carrying the fault current to give 
operation of the relay is seen to require a large additional 
exciting current equal to A3B3 -f A3C3. 

Modifications of the Differential Network. - There are 
'.everal interesting modifications of the simple circuit shown in 
Fig. 42 which depend upon the general principles discussed 
above, and which, although properly belonging to the technique 
of automatic protective systems, may conveniently be con¬ 
sidered here. In Fig. 47 we have a network due to the Asea Co. 
Each current transformer has two secondary windings, one 
pair of which are connected in series, so that the common 
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Fig 47 —A SEA Differential Circuit 


secondary current circulates through them, and the other pair 
of secondary windings are connected in opposition, through 
the windings of a relay. Neglecting any current in this relay, 
we see that as primary £md secondary currents are identical 
in the two transformers, the exciting currents will also be 
approximately equal. The voltage on the relay winding will 
therefore be equal to the difference between the voltages set 
up in the opposed windings of the transformers by the fluxes 
due to equal exciting currents. We have already seen, and a 
reference to Fig. 41 will remind the reader that, however great 
the primary current may be, the differences between the 
voltages induced in the opposed windings tends to a limiting 
value, and, provided the impedance of the relay is suited to this 
limiting value, the current in it, with equal primary currents, 
will never reach the operating value. If, due to a fault, the 
primary currents become unequal, the excess current wiU 
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induce a voltage in the auxiKary secondary winding of the 
corresponding transformer, and so give rise to operation of the 
relay. 

Another interesting modification of the elementary differ¬ 
ential network, due to the British Thomson Houston Co., has 
been evolved, primarily for the protection of transformers. 
Referring to Fig. 43 we have seen that, if the mnnber of 
secondary turns on ee h transformer is the same, there will be 
no difference of potential between points in the secondary' 
circuit which divide the total impedance approximately. 
Conceive now that the two transformers, while having identical 
ratios, have greatly differing numbers of primary and secondary 
turns. The approximately equal exciting currents will now 
give rise to differing secondarj' voltages, and the points of 
the secondary circuit between which there is no difference of 
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Fig. 48, —Illustrating the B T.H. Differential Circuit. 



potential may be inside the secondary winding of the trans¬ 
former hat'ing the smaller number of secondary turns. This 
condition is illustrated diagrammatically in Fig. 48, in which one 
current transformer is assumed to have in both windings one- 
half the number of turns on the other. 

The current shown in Fig. 4 g has been evolved to avoid the 
difficulties which arise when the two transformers have a greatly 
differing number of ampere-tums. From this diagram it will 
be seen that the relay is connected to a tertiary winding on the 
transformer A which has the smaller number of ampere turns. 
Conceive now that the transformer B is free from errors and 
that rated current flows in each of the primary windings. 
The secondary current delivered by B will be exactly five 
amperes, and, as this current flows in the secondary rvinding of 
A, the primary and secondary ampere turns will exactly 
balance. There will then be no flux in the core, the burden on 
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A will be zero, and no E.M.F. can be induced in the tertiary 
circuit containing the relay. If there is a small error of trans¬ 
formation in A, there will be a corresponding difference between 
primary and secondary’ ampere-turns in B, and a flux will 
appear in the core which will induce a current in the tertiarj 
circuit. The relay current for equal primary currents, how¬ 
ever, depends upon the errors of B transformer, and if this 
transformer is so designed that, for the maximum current 
which can appear in the primary circuit, its errors are small, 
then the relay current will be determined by these errors, 
notwithstanding the ampere turns on A may be so small that 
with the maximum current and a normal burden its ratio would 
completely break down. The effect of the inductive coupling 
of the relay to the secondary circuit bv means of the tertiary 
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Fig. 49.—BT.H. Differential Circuit 

w’inding is thus to relieve the current transformer with the 
smaller number of ampere turns of practically the whole of its 
burden. 

The Effect of Transformer Errors in Residual Current 
Networks.—We have seen that a discussion of the result of 
current transformer errors in so simple an interconnection as 
shown in Fig. 42 is one of some difficulty. 7 he effect of trans¬ 
former errors in the residual current network “shown in Fig. 25 
is even more complicated, especially in the case of an excessive 
balanced system of currents in the primary conductors. Short- 
circuit currents in three-phase circuits are, how'ever, usually 
between phases, and for a single-phase short-circuit, the net¬ 
work becomes similar to that illustrated in Fig. 42. This will 
be clear from a consideration of Fig. 50 in which we have 
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shown at (a) the residual current circuit represented in the 
usual way, and at (b) in such a manner as to show the similarity 
of the circuit, for a single-phase short-circuit, to that illustrated 
in Fig. 42. If the short-circuit current flows in A and C lines, 
and there is no current in B phase, the relay current will depend 
on the considerations previously discussed, and will, in addition. 



Fig 50. —Residual Current Network with Single-Phase Short-Circuit. 

be modified by the circumstance that it is shunted by the 
secondary Avinding of the current transformer in B line. 

When there is a residual current in the primary circuit, a 
corresponding current will appear in the relay, but in this case 
the relay will be shunted by the secondary windings >f the 
current transformers in the other two phases. The ratio error 



Fig 51 —Effect of Relay Impedance on Secondary 
Residual Current. 

of the transformation of the residual current will therefore be 
of the order of three times the ratio error of the current trans¬ 
former when connected only to the relay winding. The effect 
of increasing the relay impedance with a view to reducing the 
relay current below the operating value with single-phase 
short-circuits will thus have a considerable effect on the ratio 
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of transformation of residual currents. Typical curves show¬ 
ing the relation of relay current and relay impedance with a 
fixed value of the residual current are shown in Fig. 51. 

A residual-current network may have a relay of very low or of 
comparatively high impedance. If the impedance is very low, 
the rates of transformation of primary earth-leakage or residual 
currents will be practically the same as that of the current- 
transformer rates, so that the actual operating current of the 
relay corresponds to its leakage-current setting in primary" 
amperes. If the relay impedance is relatively high then, 
provided that the VA absorbed therein for operation is con¬ 
stant, the operating current value will vary inversely as the 
impedance. Thus if a low-impedance relay requires lA at 
iV for operation, a high-impedance relay of 20 ohms value will 
require 0*05A at 20V. The breakdown of residual-current 
transformation for a relay voltage of 20 may be so great that 
the primary fault current netting is not very different from that 
of the low impedance instrument. The behaviour of the relaj’^ 
in the condition of single-phase short-circuit will, however, be 
very different, and as the low-impedance relay requires only 
I volt to operate it, there will be much greater danger of the 
relay current approaching the operating value than there will 
for the high impedance instrument, the operating voltage 
of w’hich will probably be at all times less than the fraction of 
the difference of the secondary E.M.F.s of the current trans¬ 
formers carrying the short-circuit, current which appears at 
its terminal wdiich difference as has been seen on page 72 tends 
to a limiting value as the primary short-circuit current 
increasCv^ indefinitely. 

The use of high-impodance relays for resisting-current pro¬ 
tective netw'orks is because of this immunity from being affected 
by single-phase short-circuits, tending to become common. It 
must be noted how^ever that w’hen a high impedance relay is 
u>ed. Its primary earth-leakage setting cannot be inferred 
from its actual operating current value and the ratio of the 
current transformers of the network, but must be determined 
experimentally. A simple method of doing this is described in 
Chapter VIII. 

Summation Networks.—It is sometimes required in the 
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design of protective systems, to obtain a resultant current the 
value of which shall be responsive to increases in any one, 
any pair, or all three of the lines of a three-phase sy stem. Such 
a result obviously cannot be obtained by the equivalent of a 
simple vector summation of the line currents, as a resultant so 
obtained would for three-wire circuits be zero. The summation 
arrangements mu^t combine unequal fractions of the line 
currents. 

One method of obtaining a le'^altant current whose value is 
responsive to a change in any of the line currents is by means of 
the summation transformer illustrated graphically in Fig. 52. 
This transformer has three primary circuits carrying respect¬ 
ively the currents in A and ( phases and the residual current. 
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Fig 52 —^UM\IATlo^ Transformer 


As the line currents circulate in opposite directions from the 
neutral conductor, the secondary' current, vdth a balanced load 
will be proportional to A 3 times the line current. A short- 
circuit between lines A and B. or B and C. will give a current 
in the summation transfonr-^-r proportional to the current in 
the lines short-circuited. A short-circuit between lines A 
and C is reproduced in two of the windings of the summation 
transformer and the secondary current of this transformer will 
correspond to twice the short-circuit current. A residual 
current w’ill flow in the third winding, and the effect of this 
winding will be assisted, unaffected, or opposed by the residual 
current in the other primary windings, according as the residual 
current is derived from lines A, B or C. The number of primary 
turns in the residual current winding is considerably greater 
than in the line current windings, so that the secondary' current 
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from the summation transformer is not greatly affected by the 
identity of the line from which the residual current is derived. 

Another circuit giving a resultant current which is affected 
by changes in either of the line currents is shown in Fig, 53. 
The current transformers are here of the air gap type, have 
unequal ratios, and are connected in delta. The secondary^ 
voltages of the transformers will, due to the air gaps in the cores, 
be proportional to the line currents, and the resultant E.M.F. 
in the delta will, for a balanced load, be as shown in the vector 
diagram. The numbers of secondary turns in the three trans¬ 
former cores are in the proportion of 6, 5 and 4. 
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Fig, 53. —An Arrangement of Current Transformers giving a 
Resultant Voltage depending upon Both Earth and Short- 
Circuit Faults 


It will readily be seen from the vector diagram that, whereas 
for a balanced load in the main circuit, the resultant E.M.F. 
is represented by eh, this resultant for short-circuits between 
phases will be considerably greater, being represented 
by the distances eg, fh, or eh^, this latter corresponding 
to a short-circuit between lines A and C, when there will 
be no E.M.F. induced in the secondary of B phase trans¬ 
former. For earth fault currents, which flow in one line only, 
the resultant E.M.F. will be that induced in the corresponding 
transformer. It must be understood that the same current 
flows in all three secondary windings, there is no approximate 
balance of primary and secondary ampere turns such as occurs 
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in an ordinary current transformer, and the lotal internal 
secondary impedance would be very high but for the fact that 
there are air gaps in the transformer cores. 

Networks for Obtaining Artificial Voltages.—For 
pressures above 33 k\', voltage transformers are expensive, ana 
are usually considered to constitute weak points in the system 
to which they are c nnectcd. For such high voltages it is 
therefore undesirable to avoid the use of voltage transformers 
for protective apparatus, as, on general grounds, it is irrational 
that apparatus for proteetum against the effects of faults 
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I'Ti. 54 —Circuit giving Compensation for the Imped.ance Drop 
IN 4 Power Transformer 

should increase the liability of such faults. A method of avoid¬ 
ing the use of voltage transformers on very high voltage net¬ 
works which is becoming very usual is to make use of the 
secondary voltage of a pow'er transformer for the operation of 
protective relays, the low voltage of the power transformer 
being still further reduced, if necessary’, by means of a voltage 
transformer, which, operating as it will on a moderate primary 
voltage will be inexpensive and will introduce negligible risk 
of breakdown. Due to the high reactance drop in a power 
transformer, the secondary voltage of such a transformer will 
not be sufficiently representative of the secondary voltage for 
the operation of protective relays, and, accordingly, it is only 
possible to use this secondary’ voltage if a device is used to 
compensate for the impedance drop in the power transformer. 
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Fig. 54 is a schematic diagram showing the principle of the 
method of compensation as applied to a single-phase circuit. 
Here, it will be seen, there is connected in^ series with the 
primary burden of the voltage transformer a compensating 
impedance through which also flows the secondary current of a 
current transformer in the load circuit. The current in the 
compensating impedance is proportional to the current in the 
main transformer bindings, and this impedance is so pro¬ 
portioned that the voltage drop on the impedance with the full 
load current is the same percentage of the nominal secondary 
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Fig. 55. —Compensating Impedances for a Star'Star Power 
Transformer. 


voltage of the voltage transformer as the impedance drop of the 
power transformer, and that the phase angles of the two 
impedance drops are also the same. The voltage drop in the 
compensating impedance is seen to be added to the terminal 
voltage of the voltage transformer, and if the characteristics 
of this impedance are correct, the voltage impressed on the 
apparatus forming the burden of the voltage transformer will 
correspond to the primary voltage of the power transformer. 
It must be noted that the secondary current of the voltage 
transformer also flows in the compensating impedance, and this 
impedance, considered as part of the burden, will affect the 
ratio and phase error of the voltage applied to the relay coils. 
As a rule, however, the voltage transformer secondary current 
will be small as compared with that supplied from the current 
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transformer, and the effect oi the compensating impedance, 
considered as part of the secondjiry circuit of the voltage 
transformer, will be negligible The arrangement illustrated in 
Fig. 54 is intended for a power transformer with a tap changing 
feature, the magnitude of the compensating impedance bemg 
automatically varied by the tap changmg gear to suit the ratio 
of the power transformer in use 

The arrangement shown in Fig 54 can be simplified by 
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designing the current transformer so that it serves as a com¬ 
pensating impedance. For this purpose the transformer will 
be of the air gap type, so th?<' it gives a secondary voltage which 
bears the correct and constant ratio to the load current, and 
the secondary will be connected in series with the voltage 
transformer burden in such a way that the current transformer 
E.M.F. is added to the secondary voltage of the voltage trans¬ 
former. This arrangement applied to a three-phase star/star 
power transformer is shown in Fig. 55, and, in the light of the 
foregoing explanation, wall be readily understood. 

When the power transformer is of the star/delta type the 
method of compensation is not so simple if, as is usual, it is 
desired to connect the compensating impedances in the second- 
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ary or low-pressure mains, as the currents in these mains will 
be 30 degrees out of phase with the primary currents. One 
way of overcoming this difficulty is to connect the impedances 
in the secondary delta of the power transformer, but a prefer¬ 
able method is shown in Fig. 56, in which it will be seen that the 
compensating impedances are themselves connected in delta, 
while the voltage transformer is of the delta'star type. The 
delta connection of the impedances and of the primary of the 
voltage transformer negatives the 30-degree phase shift in the 
main power transformer so that both the secondary voltage 
system of the voltage transformer, and the compensating volt¬ 
ages derived from the impedances, correspond in phase to the 
primary voltage of the supply. The vector diagram shows the 
primary and secondary voltages of both transformers. 

It must be noted that, notwithstanding the neutral of the 
high pressure side of the pow'er transformer in either of the above 
schemes may be earthed, in neither case can a residual voltage 
be derived from the secondary S5’'stem of the voltage trans¬ 
former. In Fig. 55, although the power transformer is star stai 
connected, it will invariably be of the core type, and we 
have already explained that this t5ipe is not competent for 
furnishing a residual voltage. In the scheme shown in Fig. 
56, the delta connection of the secondary side of the power 
transformer eliminates the residual voltage completely, accord¬ 
ing to the principle discussed in connection with Fig. 27. It i>> 
possible to derive the equivalent of a residual voltage from a 
current transformer connected in the connection between the 
neutral of the high voltage side of the power transformer and 
earth. With this connection the direction of the residual 
current is compared with the constant direction of the current 
flowing from the transformer neutral to earth. 
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Symmetrical Components.—We have now to consider a 
class of interconnection of protective transformers in which 
the current appearing in a particular part of the network 
depends upon the relation existing between the magnitudes of 
the three currents or voltages which define a three-phase 
system. We have already considered one such network, in 
its application both to current and voltage transformers, 
w'hereby what has been called the residual current or voltage 
in a three-phase system can be measured. A study of the 
other two classes of network of this kind depends upon a theory 
of three-phase circuits which was evolved in the United States 
by C. L. Fortescue. This theory has been of far-read. ig 
importance, and its applications embrace not only the subject 
of automatic protection, but also that of the calculation of 
short-circuit and earth fault currents in transmission networks. 
In view of the importance of Fortescue’s theory, and of the 
comparatively scanty literature relating to it in this country^ 
we shall deal with the same in considerable detail. 

If a three-phase circuit is three-ware, then, as the instant¬ 
aneous sum of the line currents is at all times zero, the vectors 
of these currents form a dosed triangle, and the magnitude of 
any two, and the phase difference betw’een them being given, 
the magnitude and phase of the third current is fixed. If, 
due to an earth fault, the system becomes four-wire, this 
relation between the line currents no longer holds, and their 
three values and phases are independent. The phase voltages, 
between lines and neutral of a three-phase system likewise, 
for three-wire loading, form a closed triangle, but when the 
system carries an earth fault current, the three phase voltages 
become independent. 

According to Fortescue, any system of three-phase currents 

G 8g 
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is the resultant of three component systems each of which is 
symmetrical, that is, the three currents of each of the three 
S 5 unmetrical components are all equal. These three symmetri¬ 
cal components are respectively; a symmetrical three-phase 
system of normal or positive sequence, a second S5anmetrical 
three-phase system of a phase sequence opposite to normal 
known as a negative sequence component, and a third com¬ 
ponent of which the three line currents are all equal and in 
phase, this last being known as a zero phase sequence com¬ 
ponent. 

We can illustrate this conception by starting with three 
S5mimetrical components as defined above, and by combining 



Positive sequence- Negative sequence. 

Fig. 57. —Symmetrical Components. 

them into a resultant system. In Fig. 57 we have the vectors 
of these three components. The’system of vectors a^ bj and 
Cl is the positive sequence component. It is symmetrical, 
and the phase sequence is normal in that the Cj vector leads 
by 120 degrees on the aj vector. The system b^ Cg is the 
negative sequence system. This is also sjunmetrical, but the 
phase sequence is in the opposite sense to that of the positive 
sequence system, as the Cg vector lags the ag vector by 120 
degrees. The system Uo b,, c,, is the zero sequence system. 
This system is also S3mimetrical in the sense that the three 
vectors are equal, but as these vectors are all in phase, the 
system cannot be said to have any phase sequence. It is 
therefore designated the zero sequence system. These three 
S3mimetrical components are compoimded in such a way that 
the resultant A vector is the resultant of the a,, a, and a^ 
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vectors of the three component systems, the resultant B and 
C vectors being obtained in like manner. The composition 
of the three symmetrical systems to obtain the resultant 
system A, B, C, is shown in the diagram. 

In Fig. 57 the b vectors of all three compunents are in phase. 
The vectors of the several systems can bear any kind of phase 
relationship to each other, and it vill readily be understood 
that by variation of the relative magnitudes and phase of the 
three systems a resultant system ot any degree of dissjinmetiy' 
can be built up. It will also be clear, from a study of Fig. 57, 
that if one set of corresponding vectors of the three systems 
are all in phase, the resultant system possesses one degree of 
S3mimetry. 



Fig 58—Eqo\i Positive and Negative Sequi-.nce Components give v 
Single-Phnse Resultant 


Single-Phase Resultants of Symmetrical Components. 
—In Fig. 58 we have two cases in which the vectors of the 
positive and negative sequence components are equal. In 
one of these cases, corresponding vectors are in phase, in the 
other case they are in opposition. In each case the resultant 
of the positive and negative sequence sj'stems is seen to be 
single-phase. In Fig. 58 (a) the resultant system is that which 
would be obtained by a non-inductive load supplied from line 
B and the mid point of an auto-transformer connected to lines 
A and C. In Fig. 58 (b) the resultant corresponds to a non- 
inductive single-phase load supplied from lines A and C. It 
can be proved by geometry, as we shall show hereafter that a 
positive and a negative sequence system of equal magnitude 
always combine to give a resultant single-phase system what¬ 
ever be the phase relation of the two symmetrical components. 
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If we add to the system shown in Fig. 58 (a) a zero sequence 
system whose magnitude is equal to that of the positive and 
negative sequence systems, and which is in phase with the b 
vectors of these systems, the A and C resultants are zero, 
and the B resultant is three times the magnitude of either of 
the three components, as shown in Fig. 59. This resultant 
evidently corresponds to what has been called a residual 
current or voltage, and it is thus seen that the magnitude of 
the residual is equal to three times that of the zero sequence 
component. It is also seen that an earth fault current, flowing 
in one line only, can, according to the theory of Fortescue, be 
considered as the resultant of equal positive, negative and zero 
sequence components. 

It appears from the above elementarj’ considerations that a 
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Fig 59—An Earth Fault Current Resolved into Equal Positive, 
Negative and Zero Sequence Components 


balanced system of three-phase currents and voltages comprises 
a positive sequence component only, the negative and zero 
sequence components being zero. The appearance of a negative 
sequence component results in an unsymmetrical system of 
currents and voltages, the vectors of which still form a closed 
triangle. An unbalanced three-wire system thus comprises a 
positive and a negative sequence component, but no zero 
sequence component. When the three-phase system becomes 
four-wire a zero sequence component appears, and the magni¬ 
tude of this component is one-third that of the residual of the 
system. Ttie cuxrentb oi a singk-phase load drawn from a 
Vtvre^-Vire three-phase system comprise equal positive and 
negative sequence components. 

It should be obvious that the magnitude of the negative 

sequence component cannot exceed that of the positive sequence 
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component. If the negative sequence component were the 
greater, the phase sequence of the resultant system would be 
reversed. 

The Resolution of Unsymmetrical Three-Phase 
Systems. —The resolution of unsyTumetrical three-phase 
systems into their symmetrical components is a problem of 
great practical importance, since the presence of a negative or 
a zero sequence component is indicative of an abnoimal con¬ 
dition of the circuit in which these components of the currents 
or voltages are found. It appears from basic principles that 
as both positive and negative sequence components are three- 
phase and symmetrical, if the three currents or phase voltages 
of an ims5mimetrical three-phase are < ompounded, the positive 
and negative sequence components will disappear, and the 
resultant will consist solely of the three zero sequence currents 
or voltages. We have already considered this compounding of 
the three currents of a three-phase system in connection with 
the circuit shown in Fig. 25. The residual current in this 
circuit consists of the three line currents of the zero sequence 
system. We have also seen that when three current tians- 
formers in a three-phase circuit are delta connected, the result¬ 
ant currents contain no residual. These resultant currents are 
each the differences of two line currents, and as in any pair of 
line currents the zero sequence currents are equal and in 
phase, it is manifest that these currents will disappear from 
the resultant difference of the two line currents. 

As the introduction of a negative sequence component into 
a three-phase system gives an unbalanced resultant, so 
diss3mimetry is indicative of a negative sequence component. 
Although single-phase loads are taken from supply networks 
by domestic consumers, and also by industrial w’elding equip¬ 
ments, the diversity of such single-phase loads, and their 
relatively small magnitude as compared with the balanced 
loads, results in the line currents of large transmission systems 
being very approximately balanced. We may remark at ibis 
stage that, although single-phase loads supplied between lines 

neutral of a three-phase four-wire distribution system, give a 
residual in this system, these residual currents appear eis single- 

phase loads hetweexv Imes m 
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supplying the step-down transformers. The presence of a con¬ 
siderable negative sequence component of the currents or voltages 
of a transmission line is an almost certain indication of a short- 
circuit fault. On large and extensive systems, short-circuits 
between lines do not necessarily give rise to excessive currents, 
and a method of detecting short-circuits other than by the 
measurement of the magnitude of the line currents is of consider¬ 
able practical importance. The resolution of the system of 
line currents or voltages to separate out the negative sequence 
component is a solution of this problem. 

The basis of the most convenient method of resolution can 
be easily understood without the aid of mathematical reasoning. 



Fig 6o —^The Resolution of an Unsymmetrical 
Three-Phase System. 


Let US assume we have tw’o resultant currents derived from 
the system to be resolved, and from which the zero sequence 
component has been eliminated. These two currents are each 
the resultant of a positive and negative sequence component, and 
the phase difference between the two positive sequence and the 
two negative sequence components is 120 degrees. If now, by 
artificial means, the phase of the leading current is retarded 
by 60 degrees, so that the actual phase difference between the 
currents is reduced by 60 degrees, then the phase difference 
between the positive sequence components will be reduced by 
a like amount. A lag of the positive sequence component will, 
however, correspond to a lead of the corresponding negative 
sequence component, and the effect of the artificial phase shift 
is to increase the phase separation of the negative sequence 
components to 180 degrees, so that they cancel. The resultant 
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of the two currents, with their phase separation reduced by 
6o degrees, thus contains the positive sequence component only, 
and the magnitude of this resultant is Vs times that of the 
positive sequence component. Reasoning in like manner we 
find that if the phase of the lagging current is retarded by 6o 
degrees the positive sequence components are brought into 
phase opposition and disappear, while the resultant contains 
the negative sequence component only. 

The foregoing argument is illustrated by the vector diagram. 
Fig. 6o. Here the imbalanced system A, B, C, b compounded 
of the positive sequence system a^ bj Cj and the negative 
sequence system a^ bj Cj. The vector A is retarded in phase 
by 6o degrees to assume the position AS and its positive and 
negative sequence components become a^^ and aj^. It is readily 
seen that a^^ is now in phase opposition to Ci, and that the 
resultant of A^ and C is the same as the resultant of aj*^ and Cj, 
and, as and Cg are 6o degrees apart in phase, this resultant 
is V3 times that of the negative sequence component. The 
phase of this resultant is seen to be 30 degrees displaced from 
that of Cj. 

Vector Analysis of Three-Phase Circuits.—The resolu¬ 
tion of unsymmetrical three-phase circuits can be studied 
much more conveniently by vector analysis than by geometrical 
methods. Such analysis is much simplified by the use of a 
unit vector operator h, which imparts rotation through 120 
degrees. This unit vector is Bjinbolically represented by 

|(-i+v'3jh or ei ; h* is therefore equal to unity. Since 
multiplication by h causes rotation through 120°, multiplication 
by h* will, by the usual conventions, cause rotation through 
240°. A sjunmetrical system of unit three-phase vectors is thus 
expressed symbolically as 

I -f h -1- h* = 0 , 

since the resultant of such a system is zero. 

The values of various powers of the h operator are shown in 
Fig. 61. By recollecting the basic convention that the angular 
displacement is represented by the index of h, this diagram will 
be readily understood. 



96 AUTO PROTECTION OF A.C. CIRCUITS 

The following relations will be required in the analysis of 
the resolution of three-phase circuits: 

Since i 4- h -|- h* = o 

I -f 2h -t- h® = (i 4- h)® =h 
thus I 4 - h = h^ = -h® 

also i4-h®= — h = h *. 

and (i — h}®= I-f-h®—2h = — 3h = 3h"* 

w'hence i — h = i 4- h‘* — V3 h"^ 

similarly i — h* = i 4- h* = T' 3 h^. 



7^=h-^=-j 


Fig 61 —The h Oper\tor Fig 62 —Funxtions oi* thi 

h Oper/^ior 

These relations are illustrated in Fig. 62, and their geometrical 
derivation will be readily perceived. 

Consider now a three-phase system of vectors, A, B and C, 
in which the phase of the A vector is in advance of that of the 
B vector. Each of these vectors is the resultant of a positive 
sequence, a negative sequence and a zero sequence component. 
If the magnitude of the positive sequence vectors be p, then 
this system can be represented symbolically as 

p, hp, and h^p, 

corresponding respectively to the resultant vectors B, A and 
C. The positive sequence component of A is, as shown by the 
h operator, 120 degrees in advance of the corresponding com¬ 
ponent of B. The positive sequence component of C is 240 
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degrees in advance of that of B, this being indicated by the 
operator h®. The negative sequence vectors will be, respect¬ 
ively, 

q, h®q, and hq. 

q being their magnitude. The negative sequence component, 
of A lags that of B by 120 degrees, as in^cated by the h* 
operator. The zero ‘•"‘quence components, being equal and in 
phase, can be represented by 

r, r, and r. 

The three resultant vectors can thus be symbolically repre¬ 
sented : 

B= p-fq-l-r 
A = hp 4- h*q -f r 
C = h®p -t- hq -f r. 

From these equations we see at once that 

A-HB+C = 3r. 

since the resultant operator for both p and q in the sum is 
I -f" h -)- h® = o. 

The resultant of the three vectors A, B and C is thus »,qual 
to three times the zero sequence current. 

If we advance the A vector 240 degrees, which is represented 
symbolically by multipl3dng by h®, and advance the C vector 
by 120 degrees, represented by multiphcation by h, we obtain 

B = P + q + r 
h®A = h®p + h*q -|- h®r 
hC = h®p + h®q -f- hr. 

Remembering that h* = h, and that h® = i, we see that 
B + h®A-hhC=3p, 

the effect of the transformation being to convert the zero 
sequence vectors into a three-phase system, and to reverse the 
sequence of the negative sequence vectors. 

Similarly B -f hA -1- h®C = 3q. 

Further B — A = (i — h) p -}- (i — h®)q 
= V'3 {h “ip -|-h*q} 

= V3h-i(p-f hiq). 
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Similarly A — C = (h — h*)p + (h* — h)q 

— \ 3(h,h~^p -i-b^,h^q) since h = h* 

= Vsh (hp + h*h*q) 

and C - B = Vsh^ (h*p + hq) = V^h (h^p + hh*q). 

These operations give the vector differences of the three pairs 
of a three-phase system of vectors, such as are obtained by the 
delta connection of three current or voltage transformers. The 
effect of the delta connections is thus to eliminate the zero 
sequence component, and to give a system in which the magni¬ 
tudes of both positive and negative sequence components are 
Vs times the corresponding components of the original system. 
Let us now consider the system 

B = p-t-q 
A = hp -f h*q 
C = h*p -f hq, 

in which there is no zero sequence component, and represent 
symbolically the method of resolution already dealt with on 
p. 91. By this method we obtain the positive sequence com¬ 
ponent by retarding the phase of the A vector by 60 degrees, 
and compounding this vector, so modified, with the B vector. 
Since retardation in phase by 60 degrees is represented by 
multiplication by h~*, the resultant will be 

B-f h-*A 

= p + q + h*p+h'q 

= p (i -h h*) -h q (i -f h-) 

Since, from Fig. 62, h^ = — i, we have 
B -|- h*A = \''3h^p. 

The resultant is thus equal to V3 times the positive sequence 
component, and leads this component of the B vector by 30 
degrees. 

By retarding the phase of the C vector by 60 degrees we 
obtain 

B -f h-*C 

= P + q + h’p + h*q 

= V3h*q- 
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This resultant is V3 times the negative sequence component, 
and leads this component of the B vector by 30 degrees. 

This analysis confirms the geometrical reasoning illustrated 
by Fig. 60. 

Before proceeding to deal with the practical applications of 
the results obtained above we give a short geometrical investi¬ 
gation which throws further light upon the nature of symmet¬ 
rical components. 

At Fig. 63 (a) we have a bj-Stemol three-phase vectors without 
a residue, which can be translated into the closed triangle 
EFG at (b). If we describe equilateral triangles, FGL and 



Fig. 63 —Illustrating a Geometrical Property of Symmetrical 

Components 


FGM, on each side of GF, the vectors EL and EM are respect¬ 
ively the resultants obtained by compounding B with A retarded 
and advanced in phase hy 6o degrees. EL and E]M are there¬ 
fore respectively equal to A 3 times the positive sequence and 
V3 times the negative sequence components of the A, B, C 
system. By geometry, 
el* = 3p* = A* + B* — 2AB cos (EFG -i- 60 ) 

=~ A* -f B* — AB cos EFG + ^ 3AB sin EFG 


cos EFG == 


A2 B* ~ C* 
2AB“ 


and AB sin EFG = 2S, the area of the triangle EFG. 

Thus 3p* = |(A* 4- B* + C*) + 2 V3 S. 

Similarly 3q* =EM* = ^(A* -f B* -f C*) — 2 v 3 S. 
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These expressions for p and q are symmetrical functions of 
A, B and C. The magnitude of p and q so determined does 
not therefore depend upon the pair of vectors which have been 
compounded. 

Further, 3 (p* + q®) = - A®. 

The sum of the squares of the positive and negative sequence 
components is thus equal to one-third of the sum of the squares 
of the magnitudes of original vectors, and is independent of 
their phase relationship. We have here a mathematical 
analogy between the S3rmmetrical components of a system of 
three-phase currents or voltages and the active and reactive 
components of an alternating current. When an unbalanced 
system of currents is associated with a symmetrical voltage 
system this analogy is even more striking, as the negative 
sequence component can carry no power, while the positive 
sequence system combined with the sjunmetrical voltage 
system gives what is known as the total equivalent volt- 
amperes of the circuit. 

Finally, when the area of the triangle EFG becomes zero, 
the system A, B, and C becomes single-phase, and, 

3 P® = 3 q* = i - A®. 

The positive and negative sequence components are now equal. 
This result, it may be noted, does not depend upon any assump¬ 
tion regarding the phase relationships of A, B, C, p or q. 

Direct Measurement of the Symmetrical Components 
of Unbalanced Three-Phase Systems.—We have already 
described, in a previous chapter, methods of interconnecting 
current and voltage transformers to give the zero sequence 
component of an unbalanced three-phase system. For the 
sake of completeness we reproduce the connections for these 
circuits in Fig. 64, (a) showing the network for the zero sequence 
current, and (b) that for the zero sequence voltage. 

In Fig. 65 we have a network for resolving a three-phase 
voltage system. The voltage transformers being delta con¬ 
nected on the primary side, the secondary voltages will, as we 
have seen, contain no zero sequence component. The second¬ 
ary windings of the transformers are connected in star, and 
two impedances are connected as shown. The ohmic values 
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of these impedances are equal, but the phase angle of the one 
connected to the lagging voltage is 6o degrees greater than 
that of the impedance connected to the leading voltage. The 
currents in these impedances will be proportional to the two 



Fig. 64. —Networks for Zero Sequence Currents and Voltages 


line voltages, but the phase difference between them will be 
60 degrees greater than the phase difference between the 
voltages. It therefore follows that, provided the impedance 
of the common return lead for the circuit is negligible, 
the current in this circuit will be proportional to the negative 
sequence component of the voltage system. If the two 
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Fig. 65.—A Network for Measuring the Negative Sequence Voltage. 


impedances be interchanged, so that the more inductive one is 
connected to the leading phase, then the current in the common 
lead will be proportional to the positive sequence component 
of the voltage system. 

If the impedance on the common return lead has a value Z^, 
then, calling the two impedances directly connected to the 
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transformer secondaries Z and h*Z, and marking in on the 
circuit diagram the value of the currents, I, P, and I — P, 
we have 

V„,= Z(I-P)+Z‘I 
\c,3 = h‘ZP + ZU. 

We have seen that if q be the negative sequence component 
VB.+h-iVcB= \/ 3 h*q. 

thus: 

Vb^ + h-WcB - ZI - ZP + Zq + ZP + h - »ZiI - Vsh^q 
= I{Z + (i+h-tZi)}, 


and 


I = ^ 3 h^q, 

Z+V3h-*Z^' 


The denominator of this fraction is a constant of the network. 
Thus I is proportional to the negative sequence component of 
the voltage whatever the value of Z^ may be. The phase of I 
will be modified by the impedance in the common return lead, 
but for a given network the magnitude and phase of I depend 
only upon the negative sequence component of the voltage 
system. If the impedance tvith the greater phase angle is 
connected to the transformer giving the leading voltage Vb^, 
then we shall have 


VB,= h*Z(I-P)+Zq 
and VcB == ZP + Z^I. 

The positive sequence component of the voltage is proportional 
to 

h“*VB^ + VcB = zi - ZP + h-»zq + ZP + zq 
= I (Z + Vsh-iZi). 

The effect of the impedance Z’ on the value of I obtained in a 
positive sequence network can be illustrated by a numerical 
example. Let the impedances connected to the transformer 
secondaries be each equal to 50 ohms, the one being non- 
inductive and the other inductive with a phase angle of 60 
degrees. Let the impedance in the common return be one of 
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10 ohms, perfectly inductive. Then if the resultant voltage 
-f V, „ be called V, 


50 + v'3h 


As 



1 

O 


the denominator of this fraction becomes 


50 + V3j 

= 587 + 15 ]. 

V 

The value of the current I will therefore be ,— instead of 

6o'5 

V 

, the value had 7 > been zero. The effect of 7 > will also 

50 

include a phase shift of I equal to arc tan ^ = 14 degrees 
approx. 

We have seen that the positive sequence component is given 
by: 

h-*VB, + VcB = I (Z + V 3h-iZi). 

Assuming that the impedance Z is non-inductive, then the 
impedance Z^ will cause no phase shift of I, if the quantity 
h~*Z^ is real. The phase of Z^ must be expressed by the oper¬ 
ator h*, for this condition to be satisfied. The impedance 7 ?- 
must thus be inductive, vith a phase angle of 30 degrees, if 
its presence in the network is to affect only the magnitude, and 
not the phase of I. 

In Fig. 66 we have an arrangement for obtaining the com¬ 
plete three-phase negative sequence component of a voltage 
system. Tj, T^, and Tj are the secondary windings of a three- 
phase voltage transformer. and are impedances of 
equal ohmic value, the phase angle of Zj being 60 degrees 
greater than that of Rj. RgZj and R3Z3 are other pairs of 
impedances equal in ohmic value to Rj and Zj, and with similar 
respective phase angles. The members gi, gj and gs of the net¬ 
work carry equal currents, which are proportional in magnitude 
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to the negative sequence component of the three-phase voltage, 
and which mutually differ in phase by 120 degrees. 

Fig. 67 shows a network for obtaining the symmetrical 
components of an unbalanced system of currents. Two 
current transformers are used in each of two lines, each pair 
being so connected as to give the vector difference of two line 
currents. These resultant currents, as we have seen, contain 
no zero phase sequence component. Two impedances Z, of 
equal ohmic value, are connected as shown, the phase angles 
of these impedances differing by 60 degrees. is the circuit 
carrying the current proportional to the symmetrical com¬ 
ponent measured. Denoting, as before, the inductive imped¬ 
ance by h*Z, then, the distribution of currents in the network 
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Fig 66 —A Network giving the 
Complete Three-Phase System 
OF Negative Sequenxe Vol¬ 
tages 



Fig 67 —A Network for Measuring 
Negati\e Stqulnce Currents 


being as marked on the diagram, we have, equating the volt 
drop in the two impedances Z to that in Z^, 

IZ^=h*Z(lB^-I)-l-Z(IcB-I) 
and I = (h*lB^ -f !< b) 2,1 + V3h*Z. 

As Ib 4 is the leading current, the quantity (h*lB4 -f- Icb) 
represents the resultant of the two currents with theii 
phase separation increased by 60 degrees. The quantity 
Z/(Z* -t- Vsh^Z) is a network constant. The current I in the 
branch Z^ is therefore proportional to the negative sequence 
component of the line currents. 
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It will readily be understood that if the more inductive 
impedance be connected to the transformers giving the current 
IcB the current in the branch 7 > will be proportional to the 
positive sequence component. 

The principle of the network in Fig. 67 can be understood 
without the aid of mathematical analysis. The current from 
the transformers in lines B and A divides into two portions, 
the one flowing directly through the impedance Z directly 
connected to it, and the other through the branch and the 
impedance connected to the other pairof transformers. As the 
impedance is connected to the B and A transformers, the com¬ 
ponent in Z^ will lead the total current Iba- Similarly the com¬ 
ponent of the IcB current in Z^ w’ill lag the total current. The 
phase difference of the component currents in Z^ is thus 6o 
degrees greater than that of the currents Iba and Icb* Reason¬ 
ing on similar lines we find that w’hen the netw’ork is arranged 
to give the positive sequence component in the portions of 
the main secondary currents in Z^ have a phase difference 
60 degrees less than IgA and Icb- 

By reasoning similar to that used in the investigation of 
networks for symmetrical components of voltage systen..- we 
can show that, in order that the impedance 7 > shaill not affect 
the phase of the current I, this impedance must have a 
phase angle of 30 degrees, and the current in it must lead 
the voltage. 

Symmetrical Components of Two-Phase Systems.— 
For some purposes it is convenient to convert a three-phase 
system into a tw^o-phase system for the purpose of resolution 
into symmetrical components The reason for this procedure 
is that, as we shall see hereafter, the phase angle differences of 
the impedances in the resolving netw^orks is 90 degrees for a 
two-phase circuit, and this phase difference is more convenient 
to obtain than that of 60 degrees requisite in a three-phase 
network. We shall investigate the relation between the 
symmetrical componentb of a derived tw^o-phase system and 
those of the original three-phase system. 

Fig. 68 (a) is the vector diagram for a two-phase voltage 
system derived from a three-phase system by Scott-connected 
voltage transformers. 

H 
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The vectors of the two-phase voltages are Vj and Vg. Vi is 
2 

equal to Vac. and Vj is 7=^times (JVac + Vba). As the three- 

V3 

phase system of line voltages contains no zero sequence com¬ 
ponent we may put 

Vac= p + q 

Vba = + hq 

since lags V^c by 120 degrees, 
thus Vj = p -f q 


and 


V* = 4-(iVAC + VBA) 

V3 

— {(b* + i)p + (h H- J)q} . 

V 3 



Fig. 68.—^The Conversion of a Three-Phase to a Two-Phase System 


From Fig. 68 (b) we see that 

h* + I = - i, and h -H ^ j. 

2 2 

Thus Vj = — jp -f jq 

Vi = p -f q. 

From these equations we find that 

Vi + jVj = 2p and V — iV2= 2q. 

The resolution of the two-phase system thus gives the positive 
and negative sequence components of the three-phase system 
from which it is derived. 

The measurement of the symmetrical components of the two- 
phase voltage system is carried out by the use of the network 
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shown in Fig. 69. Z is a non-inductive resistance, and — jZ 
is a capacitance of equal ohmic value to Z. The following 
relations are read off from the diagram : 

Vi=ZI-ZP + ZiI 

V*=-jZP4-IZi 
jV* ^ ZP + iiz^ 

and V\ + jV,= I( 7 -h{]+i)Zi}. 

As {Z -f (j + i) Z^j is a network constant, I is proportional 
to the positive sequence component. If the positions of the 
non-inductive resistance and the capacitance be interchanged, 
the current in Z^ will evidently be proportional to the negative 
sequence component. 



Fig 09 —The Resolutio.n of a Two-Phase 
Voltage System 

Since in the above result, Z represents the vector of a non- 
inductive impedance, with zero phase angle, the impedance 
Z^ will cause no phase shift of I if its phase angle be equal and 
opposite to (j -h i). The vector (j -f i) attached to an 
impedance indicates that the current in it lags the voltage by 
45 degrees. In order that the quantity (j -f i) 7 ?- be real, Z^ 
must have a phase angle of 45 degrees, the current in it leading 
the voltage. 

The S3mimetrical components of a system of three-phase 
currents cannot be obtained by the resolution of the two-phase 
system obtained from the circuit shown in Fig. 68. An exam¬ 
ination of this diagram shows that one current of the two-phase 
system is identical with one of the secondary line currents of 
the three-phase system. This current will thus contain any 
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zero sequence component in the system. The second current 
of the two-phase system is proportional to the difference of 
two line currents on the three-phase side, and this difference 
current can contain no zero sequence component. The two- 
phase system must be derived from a three-phase system from 
which the zero sequence component has been eliminated. 
Fig. 70 shows a network for effecting the required transforma¬ 
tion. Three current transformers, delta connected, give a 
three-phase system without a residue. One current of this 
system is one of the currents of the two-phase system. The 
second current of the tw'o-phase system is obtained by com¬ 
pounding the remaining currents of the three-phase system in 




Fig 70.—Eliminating the Zero Sequence Component from a Three- 
Phase System and Converting to a Two-Phase System. 

the manner shown, by using two current transformers each 
having a ratio of 5/2'88, The two-phase currents given by 
this network will evidently be in phase with the two-phase 
voltages represented in Fig. 68 when the three-phase system is 
balanced, and its pow'er factor unity. 

The resolution of a system of three-phase currents by con¬ 
version to two-phase does not present the same advantages 
as apply to the resolution of a voltage system. The imped¬ 
ances in the resolving network must havfe a phase angle differ¬ 
ence of 90 degrees for both currents and voltages, and this 
phase difference is not conveniently obtainable in impedances 
of the relatively low value which must be used in a network 
for current resolution. 
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The Association of Symmetrical Components of Cur¬ 
rents and Voltages.—In the general case of an unbalanced 
three-phase system, both currents and voltages will contain 
positive, negative and zero sequence components. We may 
take it as practically axiomatic that the a&aociation of a current 
of one phase sequence with a voltage of a different phase 
sequence will give rise to no average powei. We have thus 
only to consider the association of symmetrical components of 
currents and voltage having the same phase sequence, and the 
relative directions of these components are of importance in 
the technique of automatic protection. 

The association of positive sequence currents and voltages 
calls for little comment. In normal circuits, the negative 
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Fic* 71 —Illustpating PosixnE Negative Sequence Power 

"sequence voltace": are negligibly small, and the relative 
directions of the positive sequence currents and voltages are 
considered to be such that their association gives a direction 
corresponding to the flow of povier in the circuit. 

The association of negative sequence currents and voltages 
is not so simple. A negative sequence component in a system 
of three-phase currents gives rise to an unbalanced voltage 
system. The unbalancing of the voltages is, however, of a 
different character from that of the currents. This point is 
illustrated in Fig. 71. Here we have represented a single¬ 
phase current carried by lines A and C which is shown resolved 
into equal positive and negative sequence components. This 
current will produce an unbalancing of the voltage system of 
the kind shown in the diagram. The phase voltages are also 
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shown resolved into their positive and negative sequence com¬ 
ponents, and, for the sake of simplicity, the positive sequence 
component is shown as double the negative sequence compon¬ 
ent. It will be seen at once that positive sequence currents 
and voltages are in phase, while negative sequence currents and 
voltages are in opposition. If we consider that the association 
of symmetrical components of current and voltage gives rise to 
positive and negative sequence power, it appears that, for the 
conditions represented in Fig. 71, the negative sequence power 
flows in the opposite direction to the positive sequence power. 
The positive sequence power, flowing towards the single-phase 
load, is twice the actual power, and this difference is brought 
about by a flow of negative sequence power from the load to the 
supply. 



Fig. 72.—Showing the Positive, Negative and Zero Sequence Power 
IN AN Earth Fault. 


The association of zero sequence currents and voltages can 
be considered by a study of the conditions represented in Fig. 
72, which correspond to an earth fault current supplied from a 
star-connected generator with an earthed neutral point, the 
voltage of the earthed phase being presumed to have practic¬ 
ally disappeared. The single current in the earthed line is, as 
we have shown, the resultant of equal positive, negative and 
zero sequence components. The resolution of the voltage 
system represented by the two phase voltages and gives 
also equal negative and zero sequence components. The 
positive sequence components of the currents and voltages 
are seen to be in the same direction. The directions of the 
negative and zero sequence components are opposed. We 
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cc nclude, therefore, that the direction of both mgative 322^ zero 
sequence power in an earth fault is opposite to that of the 
positive sequence power. 

Although currents proportional respectively to positive 
sequence currents and voltages can be obtained by means of 
the networks shown in Figs. 65 and 66, it must not be assumed 
that such currents can be associated in a wattmeter to give 
positive sequence power. In Fig. 73 we have drawn the vector 
diagram for the networks when connected in a balanced circuit 
in which the power factor is unity. The current in the voltage 
network is the resultant of two equal currents, the one in phase 
with the lagging voltage Vb^ and the other lagging 60 degrees 



Fig 73. —Associaiion of Currents and Voltages 

DERIVED FROM POSITIVE SEQUENCE NETWORKS 

'on the leading voltage This resultant is shown as Ip*. 

The resultant current representing the positive sequence current 
is obtained by splitting each of two line currents into compon¬ 
ents with a 60-degree phase difference. The lagging component 
of the leading phase current I^c and the leading component of 
the lagging phase current Ib 4 are combined to give the resultant 
Ip, which is proportional to the positive sequence current. 
It is at once seen that Ip^ lags Ip in phase by 30 degrees, whereas 
the actual positive sequence current and voltage are in phase. 
The vector diagram illustrates conditions in which the imped¬ 
ance of the branches carr3dng the resultant currents is negligible. 
We have seen, however, that the effect of impedances in these 
branches is to modify the phase of the resultant currents. A 
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reference to the equation on p, 9^ show that il the impede 
ance of the branch carrying the resultant current has a phase 
angle corresponding to h* so that the current in it lags the 
voltage by 30 degrees, this impedance vdll produce a 30° lag 
of the current representing the positive sequence components, 
so that the two resultants for positive sequence current and 
voltage will be in phase for a positive sequence power factor of 
unity. 

The Utility of the Theory of Symmetrical Components. 
—^At first consideration the theory of symmetrical components 
may appear to introduce unnecessary complication into the 
study of unbalanced three-phase currents and voltages. A 
single-phase earth fault current is, according to this theory, to 
be replaced by no less than nine components, two sets of three 
cancelling and leaving no resultant. A single-phase current 
supplied by two lines is likewise replaced by six components, 
two of which cancel and leave no resultant. Single-phase 
currents flowing alone in a three-phase circuit, however, repre¬ 
sent limiting currents. The general case of an unbalanced 
system of three-phase currents comprises three currents, and 
can only be completely specified either by the magnitude of 
the three currents or the magnitude of two currents and their 
phase difference. Although, according to the theory of 
symmetrical components, these three unbalanced currents are 
replaced by six components, the system, in terms of these 
symmetrical components, is completely specified by two magni¬ 
tudes and a phase difference, since a symmetrical system is 
completely defined by one of its members. The complication 
introduced by the symmetrical component conception is thus 
only apparent. Similarly, if a three-wire three-phase system 
becomes four-wire due to the incidence of an earth fault, the 
three line currents are completely independent, and the system 
can only be completely defined by three magnitudes and two 
phase angles. The alternative definition in terms of sym¬ 
metrical components also involves three magnitudes and two 
phase angles, so that, in this case also, no real complication is 
introduced. 

The utility of the symmetrical component theory can be 
realised by a study of the flow of earth fault currents in a system 
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, (.niprising static transformers, of the star [delta type, vnth the 

nenttais earthed. An elementary case oi such a system is 
shown in Fig. 74, which represents a delta-wound generator 
feeding a line to which is connected a star/delta transformer 
with earthed neutral. The flow of current in the system with 
an earth fault on B phase is shown in the diagram. It will be 
noted that, between the fault and the generator there is no 
residual current, and the output of the generator can be 
resolved into equal positive and negative sequence components. 
The currents between the fault and the transformer are in 
phase in all three lines. They are zero sequence currents and 



Fig. 74 —Earth Fault Currents. 


would combine in a residual current network to give 3I, the 
actual current in the fault. It will be observed that no part 
of the faulty line carries a current equal to the current in the 
fault. We have seen that this fault current can be resolved 
into equal positive, negative and zero sequence components, 
and the conditions indicated in Fig. 74 are seen to justify this 
conception since the positive and negative sequence compon¬ 
ents are manifestly supplied by the generator, while the zero 
sequence component is supplied by the transformer. 

A somewhat more complicated example is shown in Fig. 75. 
Here wc have a generator feeding a line through a delta/star 
step-up transformer, and to the end of this line is connected a 
power transformer. The neutrals of both transformers are 
earthed. The currents flowing in the system due to an earth 
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fault in line B are marked in on the diagram. Between the 
fault and the power transformer the currents are zero sequence 
only. Between the fault and the generator, the line currents 
comprise positive, negative and zero sequence components, the 
zero sequence components in this portion of the system com¬ 
bining to produce a residual current equal to 3I1, the current 
in the earth connection to the neutral of the step-up trans¬ 
former. In this case zero sequence currents are supplied by 
each transformer. 

It should be carefully noted that in each of the above 
examples, the characteristics of the system of currents change 



Fig 75 —Earth Fault Currents, in a Svsiem with Two Earthid 

Neutrals. 


at the fault, notwithstanding only one line is earthed. 
Referring again to Fig. 74, we see that, according to the 
S3m!imetrical components theorj’, positive and negative sequence 
components disappear from lines A and C when the fault is 
reached, and the place of these components is taken by the 
zero sequence component from the transformer. This zero 
sequence component virtually flows in three lines and passes 
from them into the fault. 


Conditions which give rise to Negative and Zero 
Sequence Components.—^The theory of symmetrical 
components which relates to the incidence of negative 
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and zero sequence components may be summarised as 
under:— 

(1) Negative sequence currents are produced by unsjrm- 

metrical loading or by short-circuit faults. 

(2) Zero sequence currents are produced by earth 

faults. 

(3) Only positive seque.xe voltages are produced by rotating 

plant. 

(4) Negative and zero sequence voltages are only produced 

respectively by negative and zero sequence currents, 
in a system with symmetrical line impedances. 

(5) Positive and negative sequence currents can be generated 

by an alternator, but no zero sequence currents tmless 
its neutral is earthed. 

(6) Each earthed point on a system is a source of supply of 

zero sequence currents. 

(7) Each sequence current circulates through the system 

in a manner depending on its sources of supply and 
independently of the circulation of other sequence 
currents. 

(8) No zero sequence current can flow into or away from an 

unearthed machine or transformer. 

(9) The reactance of transmission lines is the same to positive 

and negative sequence currents, but greater to zero 
sequence currents. 

(10) The impedance of rotating machines to negative sequence 

currents produced by negative sequence voltages is 
very much less than the impedance to positive sequence 
currents. 


Calculation of Fault Currents.—The conception of 
impedances of generators, transformers, and transmission 
lines to negative and zero sequence currents is of considerable 
importance in the technique of the calculation of the distribu¬ 
tion of fault currents in extensive networks. A complete 
consideration of this technique falls without the scope of this 
book, but a short preliminary explanation of basic principles 
may interest the student. 

Thi- fundamental theorem in the symmetrical component 
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method of network calculation is that the total current Sowing 
into an earth fault is given by the expression, 

3E 

Zj + Zg 4* ^0 

where E is the phase to neutral voltage and Zj, Zg, and Z, 
are respectively the positive, negative, and zero sequence 
impedances of the whole network from the sources of the supply 
to the fault. These component impedances are calculated bj' 
determining the sequence currents which would flow separately 
to an imaginary connection of all three hnes of the system to 
earth at the fault position. These sequence currents are purely 
fictitious, and in calculating them, generators are deemed to be 
sources of positive and negative sequence currents, while 
earthed generators and transformers are considered as sources 
of zero sequence currents. The network for the calculation of 



Fig 76. —Generator with Earthed Niutrm 


positive and negative sequence currents is thus usually different 
from that applicable to the zero sequence currents. When these 
fictitious sequence currents have been determined, the corres¬ 
ponding values of the impedances Zj, Zj, and Zg are given by 
the ratios of the phase to neutral voltage to these currents. 
This theorem has been proved rigorously by Fortescue and 
its application may be illustrated by a consideration of the 
simple case of a three-phase generator with an earthed neutral 
supplying current to an earth fault near to one of its terminals. 

This condition is shown in Fig. 76 (a). The fault is in phase C, 
and the actual current flows through one winding of the 
generator and through earth, as shown. The equivalent net¬ 
work according to the theorem referred to is showm in Fig. 76 
(b). The current flowing to earth, in this equivalent circuit, is 
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conceived to be due to a simultaneous generation of positive, 
negative, and zero sequence components. The positive and 
negative sequence components, being balanced, cancel at the 
common connection and give a zero resultant. The zero se¬ 
quence components being all in phase, combine at the common 
connection and flow, via earth, back to the generator neutral. 
The circuit, Fig. 76 (b) is purely fictitious, and merety illus¬ 
trates the method of calculation which has been briefly des¬ 
cribed. 

As a simple application of i^ortescue’s theorem we may con¬ 
sider the effect on the maximum earth-fault current from a 



Fig 764—Earth F\ult Current from Several GENERATORb 
IN Parallel 


generator with an earthed neutral of other generators con¬ 
nected in parallel with it. The maximum current delivered to 
an earth fault by the single generator alone is, as we have seen, 
given bv the expression, 

I =- 3E 

+ ^2 -r Zq 

where Zi, Zg, and Zq are the sequence impedances. Suppose, 
now, that (n-i) 'similar generators with free neutrals are 
connected in parallel with the earthed machine. Fig. 76A. The 
zero sequence impedance of each of these generators is infinite. 
The positive and negative sequence impedances are each Z^ 
and Z2 respectively. All generators can supply positive and 
negative sequence currents and the corresponding impedances 
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to the fault position will be Zjn and Zj/n respectively. The 
zero sequence impedance will remain Z^. Thus the value of 
the current on the fault will be 

j_ sEn _ 

=Zi -f" Zj + nZj 

Thus the fault current will be increased by the connection of 
the (n-i) generators in parallel in the ratio 
n(Zj + 23). 

Zj -f- Z3 -|- nZ3 

If the rating of the unearthed generators is large in com¬ 
parison with that having its neutral earthed, this ratio will 
approximate to the value 

Zj ^2 “h Zq 

~ Z„ ' 

Now the positive sequence impedance of a generator is con¬ 
siderably greater than either its negative or zero sequence 
impedances. In a salient pole machine the ratio Z^/Zj may be of 
the order 5, and Zj/Z^ of the order 10. Using these values in the 
above expression, we see that the steady earth fault current 
delivered by a generator may be increased to the order of 
12-fold by the connection in parallel with it of large unearthed 
generator capacity. 

If the single generator is earthed through a limiting resist¬ 
ance, the value of Zo will include three times the vtdue of this 
resistance, since it carries three times the zero sequence current. 
This increase in the value of Zq will reduce the ratio of fault 
current increase by the connection of unearthed machines in 
parallel. 



Chapter V 


RELAYS 

General Remarks on Relays.—A relay used for automatic 
protection may be defined as an electrical movement operated 
by current or power which opens or closes a local circuit when 
the current has a specified magnitude, or bears a specified 
relation to the voltage cf the main circuit with which the relay 
is associated. 

In regard to underl5ung principle of operation relays may be 
divided into two main classes: thermal and electromagnetic. 
Electromagnetic relays may be further divided into the follow¬ 
ing sub-classes: 

(a) Attracted armature, in which the movement consists 
essentially of an armature moved by the attractive force c. the 
magnetic field set up by the current in the relay winding. 

(b) Moving Iron, in which the movement consists essentially 
of a pivoted iron member and is generally similar in construc¬ 
tion to a moving iron measuring instrument. 

(c) Induction, in which the moving member is a disc or bell 
of conducting material free to rotate in two alternating magnetic 
fields which are separated both in space and in phase. 

(d) Dynamometer, in which the moving member is a coil free 
to rotate in a magnetic field. 

As regards their function reliys may be classified as follows : 

(a) Under-voltage and under-current, in which operation takes 
place when the current or voltage falls below a specified value. 

(b) Over-voltage and over-current, in which operation takes 
place when the current or voltage rises above a specified 
value. 

(c) Directional, in which operation takes place when the 
component of the current in phase with the voltage assumes a 
specified magnitude and a specified direction in relation to the 
voltage. 
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(d) Distance, in which the operation is governed by the ratio 
of the voltage to the current or to the component of the current 
having some specified phase relation to the voltage. 

An important characteristic of a relay, additional to the 
magnitude of the current required to operate it, is the time 
delay between the incidence of the operating current and the 
completion of the operation which results in the opening or 
closing of the local circuit. Relays can be classified, with 
regard to their timing characteristics, under the following 
heads: 

Instantaneous, in which complete operation takes place after 
negligibly small interval of time from the incidence of all values 
of the operating current slightly in excess of the minimum 

Definite Time Lag, in which the time delay between incidence 
of the operating current and completion of the operation is 
sensibly independent of the magnitude of the current. 

Inverse Time-Lag, in which the time delay is approximately 
inversely proportional to the difference between the actual 
current and the minimum current required to cause operation. 
With the majorit}' of relays of this class, the time-lag tends to a 
definite minimmn value as the current is increased without 
limit. 

It is customary to provide in all relays means for varying 
the value of the current required for operation, and also, in 
relays giving time delays, means for varying this delay. The 
nominal values of the current to give operation and of the time 
delays are known as the settings. With relays in which the 
time delay decreases as the current increases, but tends to a 
definite minimum, this minimum time-lag is taken as the basis 
of the nominal time setting. 

With respect to the auxiliary circuit, relays can be divided 
into two classes, those in which the auxiliary circuit is normally 
open and those in which it is normally closed. The first class, 
‘those in which operation of the relay closes a circuit, are..Bsed 
when the circmPbre^aker assoc iated with the r elay is autqmatic- 
ally trippedTHy'current from a battery source of supply. The 
auxifiary arcuit"^‘sucE’ sT relay is shown in Fig. 77. The 
second class, in which operation of the relay opens a circuit, 
are used when the source of power for automatically tripping 
the breaker is derived from the current transformer feeding 
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the relay coU. The auxiliary circuit of such a relay is shown 
in Fig. 78. Here the relay contacts normally short-circuit 
the trip coil, and operation of the relay removes the short- 
circuit, and allows the current from the transformer to flow into 
the trip coil and so to open the breaker. The switch of a circuit 
opening relay is almost invariably composed of two mercury 
cups into which a bridt,Jig conductor dips, the operation of 
the relay lifting the bridge piece out of the mercury The 
switch contacts of a circuit closing relay are usually of metal, 
and such relays are often pro\ided with a second switch which 
by the operation of the relay is caused to fall, either by gravity 
or by a spring loading, into a second pair of contacts of greater 
area and robustness than those bridged directly by the relay 
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movement Such auxiliary switches usually remain in the 
closed position till they are re-set by hand, notwithstanding 
the relay movement has returned to its normal position. 
Relays having an auxiliary switch of this kind are designated 
hand-resetting, w’hile those in which the auxiliary switch is 
opened as the movement returns to its normal position are 
knowm as self-resetting. 

Although a circuit-closing relay initiates the supply of 
current from the tripping source to the circuit-breaker trip 
coil, tills current is never interrupted at the relay contacts. 
An auxiliary switch, shown in Fig. 77, coupled to the breaker 
mechanism, is invariably provided, so that the tripping current 
is interrupted by this swdtch, simultaneously with the opening 
of the breaker, and before the relay movement commences to 
return to its normal position. 
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If a circuit closing relay is designed for very sensitive and 
rapid operation its mo^’ing element will be light and undamped, 
and it will tend to \’ibrate in response to the alternations of the 
attractive force of the current or power operating it. This 
will tend to set up chattering and, hence, uncertainty of con¬ 
tact in the auxiliary circuit switch. For this reason relays of 
this t)T)e are generally provided with light and springy con¬ 
tacts which close the operating coil of a small contactor in the 
relay case. This contactor, once energised, remains closed by 
its own attractive force, and establishes the tripping circuit of 
the associated breaker. 

Time Limit Fuses.—Although w'hat is usually called a 
time limit fuse is not a relay, yet this device performs a function 



Fig. 79. —Connections of Time Limit Fuse. 

of the same kind as that proper to a relay in that it can be 
used to interrupt a circuit with a time-lag which bears a definite 
relation to the current passing through it. The time limit 
fuse is usually employed in the manner shown in Fig. 79. Here 
is a circuit comprising a current transformer, an oil circuit- 
breaker shunted by a time limit fuse, and an ammeter. So long 
as the fuse link is intact, this link diverts practically the whole 
of the secondary current of the transformer from the trip coil. 
The burden of the transformer in this condition is then limited 
to the impedance of the fuse, instrument and connecting leads. 
If the secondary current of the transformer rises to a value 
which is in excess of that which the fuse can carry indefinitely, 
this fuse melts, and the current passes into the trip coil. As 
this coil is so designed that the breaker will operate when the 
current in the coil is well below that required to melt the fuse. 



RELAYS 


123 

tripping of the breaker takes place immediately the fuse circuit 
is interrupted. The time-lag between the incidence of the 
excess current and the tripping of the breaker is thus governed 
by the characteristics of the fuse. 

The constancy of the time-lag of a fuse with a fixed value 
of the current through it depends upoij the construction of the 
fuse carrier being such that the fusible link is supported so 
that it is entirely surrounded by air in an enclosed chamber. 
The cooling of the fuse link during the time that the excess 
current is passing through it will then be due to radiation only, 
and the uncertain rate of cooling due to convection or to con¬ 
duction by contact of the fuse with the material of the fuse 
holder will be quite small. Fig. 80 shows a typical time limit 
fuse the design of which is such that the fuse link is readily 



Fig. 80.—Time Limit Fuse. 


renewable. A length of glass tubing is cemented at each end 
into two cubical terminal blocks, drilled for the passage of the 
fuse wire, which wire is clamped externally to the terminal 
blocks by the small screws shown. 

The connection between the temperature 0 of a fuse canying 
a constant current I, and the time t during which this current 
has been flowing, can, if the resistance R of the fuse be assumed 
constant, be expressed by the well-known exponential formula ; 

where a is a heat emission constant, s the thermal capacity of 
the fuse, and the limiting temperature to which the fuse 
would attain if it did not melt. At this temperature ; 

afl= I*R 



thus 
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If 6 be the fusing temperature of the wire, we have an 
expression connecting I cuid t which, however, neglects the 
heat required for fusion, and which, as we have observed, is 
based upon the faulty assumption of constant resistance. 

The exponential equation is not at all easy to manipulate, 
but a function connecting I and t can easily be found, the graph 
of which is of the same form as that of the exponential formula. 
Examining this formula we find that as t increases without 
limit, 6 approximates to the limiting value I*R'a. whUe, with 

small values of t, as e~ s is equal to ~ s > the relation be¬ 
tween 9 and t is given by the equation 

s 


A simple algebraic function which has thebe characteristics is 

s -f-at 

and this function gives a hyperbolic graph for the relation 
between 0 and t. This last expression transforms to 

PR - atf = 

t 


If lo is the current the fuse will just carry indefinitely without 
melting, then Io®R = a. 9 i, where is the fusing temperature, 
and the time required for the fuse to attain this temperature 


with any value of the current is obtained by substituting 


Io*R 

a 



where K is a constant. 

We can obtain a similar equation to this in another manner 
by equating the heat imparted to the fuse by the current, w’hich 
is PRt, to the sum of the heat lost by radiation, a^jt and that 
required to melt the fuse, H. Here 9 ^ is the average tempera¬ 
ture over the whole period during which heating takes place 
which governs the rate at which heat is radiated. This equa¬ 
tion gives 


t (I*R - a«j) = H 
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If $2 be assumed to be equal to 6 ^, the fusing temperature, 
this equation becomes 


and is similar to that obtained by an algebraic approximation 
to the exponential function. 

If this equation is cor ect a graph connecting observed values 
of P and should plot mto a straight line, while the intercept 


cut off by this line on the P axis should give the value of lo*. 
Actual time,'current characteristics of fu&es experimentally 
determined are shown in Fig. 81, trom which it appears that the 
value of lo® obtained from the above equation is less than the 
actual value. 



If, therefore, two sets of values of I and t be observed experi¬ 
mentally, a time current characteristic can be obtained by 

plotting experimental values ot 1® and ^ and joining these points 


by a straight line, but this characteristic will give a lower value 
of the limiting current than that which the fuse will actually 
carry. This defect of the approximate formula does not lead 
to grave practical disadvantages, since it gives a safe value 
for the limiting current, and the method of obtaining the 
approximate characteristic by means of a straight line graph 

connecting points corresponding to observed values of I® and ^ 


is a very convenient one. 
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The discrepancy between the value of lo obtained from the 
graph and that which the fuse will actually carry is due to the 
faulty assumption that the temperature 0 ^ controlling the rate 
of heat radiation during the time the current is passing, is equal 
to the fusing temperature This vdll only be true for values 
of I near to lo, and when the value of I is considerably in excess 
of lo, the average temperature will be less than 0 i. 

Returning to the exponential formula, we can obtain, by a 
well-known algebraic transformation, a value for lo, if we know 
two values of I corresponding to times the one of which is 
exactly one-half of the other. If these tv o values of the current 
be Ii and I*, then 


If we select from the straight line graph connecting observed 
values of I* and ^ two values of I corresponding to two values 


of the time-lag, one of which is double the other, then, provided 
these time-lags are as small as is consistent with fairly accurate 
measurement, the values of Ij* and Ij* substituted in this 
equation will give a very close approxunation to the actual 
value of lo. 

The time characteristic of a fuse in terms of primary current 
will be modified by ratio errors of the current transformer 
supplying it, and the effect of such errors will be to improve 
the characteristic from an operating point of view, since the 
time-lag in a given primary' current vill be increased by ratio 
error. In circumstances where accuracy of ratio of the current 
transformers is not very material from the point of view of 
accuracy, the characteristic of time limit fuses can be artificially 
improved by connecting resistance in series with them. This 
increase in the secondary burden wall increase the ratio error 
of the current transformers, particularly with excessive pri¬ 
mary currents, when an increase in the time-lag may be desir¬ 
able. Alternatively, iron-cored reactors may be used to shunt 
the fuses, the reactors being so designed that they saturate 
with moderate overload values of the secondary current, 
and so divert a considerable fraction of this current from 
the fuses. 
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Thermal Relays. The action of a thermal relay depends 
upon the deformation of a bimetallic strip or coil which is 
heated by a current proportional to that in the circuit which 
the relay controls. The bimetallic strip is composed of two 
metals having differing coefficients of expansion, and the strip 
may be heated by the passage of the operating current directly 
through it, by radiation and convection from a heating coil 
adjacent to it, or by immersion in an oil bath heated by the 
operating current. If the bimetallic strip is of considerable 
length and is arranged in the form of a coil the movement 
of the free end will be ccmsiderable, and this end may be con¬ 
nected to the switch arm which bridges the contacts of the 



auxiliary circuit. \^Tien the strip is short, so that the move¬ 
ment of the free end is small, this movement may be used to 
trip a spring loaded switch in the au.xiliarj' circuit. 

A typical thermal relay of the latter class is illustrated in 
Fig. S2. S is the bimetallic strip which is heated by the coil C 
of resistance metal fixed immediatly below it. A block of 
insulating material, pivoted as shown, carries the piece bridging 
the auxiliary circuit contacts, and also a piece ■which is held 
against the end of the bimetallic strip by the tension of a spring. 
When the heat communicated to the strip raises its temperature 
to a definite value, the end of the strip deflects upward and the 
pivoted member moves in a counter-clockwise direction so that 
the auxiliary circuit is closed. The depth of the engagement 
of the strip with the moving member can be varied by the 
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rotation of a sector-shaped plate to which this moving member 
is pivoted, whereby the height of the pivot relative to the strip 
can be raised or lowered. If the pivot is raised, the engage¬ 
ment of the member with the bimetallic strip will be increased, 
a higher temperature will be required to deflect the strip 
sufficiently to allow the switch in the auxiliary circuit to close, 
and consequently a higher current will be required to cause 
operation of the relay. 

The theory of the thermal relay is very similar to that of the 
time limit fuse, and an equation connecting the value of the 
current I with the time required for the relay to operate can be 
obtained by equating the heat communicated to the strip 
I^Rti to that lost by radiation a^t, plus that required to raise 
the temperature of the strip to the value required to close the 
contacts of the auxiliary circuit, 6 is the average differ¬ 
ence between the ambient temperature and the final tempera¬ 
ture of the strip which governs the rate of radiation loss, and 
0 ^ is the total rise of temperature of the stiip during the time 
that the operating current is flowing. Thus : 

t (PR - se) = S^i. 


If lo is the current which will just fail to operate the relay, 
then 


lo^R-S^, 


and 


SB, 


The characteristic connecting t and I is thus similar to that 
of a time limit fuse, but due to the fact that a much larger 
quantity of heat is required to raise the strip to the temperature 
for operating the relay than is required to melt a fuse, the time- 
lags given by a thermal relay are considerably greater than 
can be obtained by a time limit fuse. This applies particularly 
to relays in which the bimetallic strip is heated indirectly as, 
obviously, only a fraction of the total heat produced by the 
current will be communicated to the strip. The difference in 
the time-lags obtainable frqm a time limit fuse and a thermal 
relay is shown in Fig. 83. 

In the discussion of the time/current characteristics of fuses it 
was tacitly assumed that the rate of loss of heat by radiation 
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and the total amount of heat required to melt the fuse was not 
affected by the temperature of the surrounding air. This 
assumption was justifiable by the fact that the ordinary varia¬ 
tions in the ambient temperature likely to be experienced are 
small as compared with the increase in temperature required 
to melt the fuse. The case of a thermal relay is different from 
that of a fuse, in that the temperature rise of the strip required 
for operation of the relay is much less than that required to 
melt a fuse. We have already seen that the current lo, which 
is the maximum which will fail to operate the relay, is connected 
with the temperature difference 6 between the strip at the 
operating and the ambient air by the relation Io®R = a^. The 



Fig i''3 —Comp4Rative Characteristics or 
Time Limit Fuse and Thermal Relay. 


actual temperature of the strip at w’hich the auxiliary’ contacts 
are closed is independent of the air temperature, so that varia¬ 
tions of the air temperature give rise to equal variations of 6 . 
The limiting current thus varies as the square root of 0 . If, 
for instance, the temperature of the strip required to operate 
a thermal relay is 100® C., then a variation in the ambient 
temperature from 10® C. to 40® C. will cause 0 to decrease from 
90° to 60®, and the value of lo will be decreased by the factor 

\ = 0-8 approx. The variation in the limiting current 

9 ® 

caused by a variation in 0 will also bring about a variation in 
the time t required for the operation of the relay when the 
current in it is in excess of the minimum value. 
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If, as is the case with the type of relay illustrated in Fig. 82, 
alterations in the nominal current settings are obtained by 
varying the amount of deformation of the bimetallic strip 
required to operate the relay, the difference between the tem¬ 
perature of the strip and that of the surrounding air will be 
proportional to the square of the current. A given alteration 
in the ambient temperature will thus produce a constant alter¬ 
ation in the square of the hmiting current, and, if the variations 
in the ambient temperature are not excessive, the alteration in 
the minimum current which w'ill operate the relay per degree 
variation in the ambient temperature is constant, w'hatever 
the value of the nominal setting may be. If, on the other 
hand, the relay operates at a constant temperature, and varia¬ 
tions of the setting are obtained by shunting the heating coil, 
then the fractional variation in the value of the actual limiting 
current W’ill be constant per degree variation in the ambient 
temperature, and the actual alteration of the minimum operat¬ 
ing current in amperes will be greater for high than for low 
settings. 

This feature of the thermal rela}^ that it is more sensitive 
with high than with low ambient temperatures, is advantageous 
when a relay of this type is used for the overload protection of 
an electrical machine, since it will permit the machine to carry 
heavier overloads in low than in high temperatures. The com¬ 
pensating feature, whereby the overload permitted by the relay 
tends to correspond with that which the machine can safely 
carry, is not, however, perfect. In the first place the tempera¬ 
ture of the air surrounding the relay is not necessarily the 
same as that of the cooling air of the machine. Secondly, due 
to the fact that the operating temperature of the relay is often 
in excess of the maximum safe temperature of the machine, a 
given change in the ambient temperature will affect the current 
required to operate the relay to a lesser degree than the maxi¬ 
mum current which the machine can carry indefinitely. If a 
thermal relay is required to have such a characteristic that its 
minimum operating current is for all values of the ambient 
temperature equal to the maximum safe current of the. machine 
which the relay protects, then the operating temperature of the 
bimetallic strip in the relay should be 80° C., and the relay 
should be fixed in such a position that the temperature of the 
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air surrounding it is the same as that of the cooling air of the 
machine. 

The extent of the alteration of the time/current character¬ 
istic of thermal relay by variation in the ambient temperature 
is shown by the curves of Fig. 84. It will be observed that these 
curves refer to overloads applied after the relay has reached 
a constant temperature carrying the iiomiral lull load current. 
It will be readily understood from the preliminary theoretical 
discussion of these relays that the temperature of .he strip 
before the incidence of the overload affects the time-lag, but not 
the minimum operating current Iq. The value of this current 
depends only on the difference between the temperature of the 
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bimetallic strip at operation and the temperature of the cooling 
air. 

The variation of the minimuin operating current of a thermal 
relay caused by alteration of the temperature of the ambient 
air is sometimes considered a disadvantage, and relaj^s are 
manufactured with a compensating device to give a minimum 
operating current which is independent of the temperature of 
the cooling air. This compensation is obtained by means of a 
second bimetallic strip, the deformation of which is responsive 
to the temperature of the cooling air, and to which the moving 
member of the relay is attached. Variations in the ambient 
temperature give rise to corresponding movements in the free 
ends of the main and the auxiliary strips so that the move- 
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ment of the main strip required to operate the relay remains 
constant. 

If the heating coil of a thermal relay is supplied from the 
secondary winding of a current transformer, the characteristic 
in terms of primary current will be modified by the perform¬ 
ance of the current transformer. If the ratio of this trans¬ 
former breaks down with moderate overloads, the time-lag 
given by the relay with a given primary current will be greater 
than would be the case if the transformer ratio remained in the 
neighbourhood of its rated value. For the purpose of overload 
protection, it is therefore advantageous to use, for the operation 
of a thermal relay, a current transformer whose ratio breaks 
down in overload conditions. For use in low-pressure circuits 


/Reactive shunt 



Fig Ss —Reactive Shvm tor Relay 

reactive shunts have been developed in America, the shunt 
consisting of a number of iron discs, each provided with a radial 
slot, threaded over the primary conductor. The relay winding 
is connected to this primary conductor in the manner shown in 
Fig. 85. The reactance of the shunt can be varied by adjust¬ 
ment of the assembly of the iron discs: if the radial slots are 
all in line the magnetic reluctance is a maximum, while if each 
disc overlaps the slots of its neighbours, the reluctance is a 
minimum. The variable reactance shunt behaves precisely 
as a current transformer with respect to the relay current, and 
by suitably choosing the number of discs, and the disposition 
of the radial slots, a reactance characteristic can be obtained 
giving similar results to the breakdown of ratio of a current 
transformer at any desired value of the overload. 
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Instantaneous Electromagnetic Relays.— These relays 
are of the simplest possible type, and the operation of the relaj 
is brought about by the movement of either a pivoted armature, 
a plunger of a solenoid, or a pivoted iron vane, subjected to the 
action of a magnetic field set up by the operating current of 
the relay. A typical attracted arriuture relay is illustrated 
diagrammatically in rig. 86, and the action of this relay is 
sufficiently obvious without further descripti m 
Electromagnetic relays are, as regards their timing character¬ 
istics, usually of the instantaneous type, and if a time-lag is 
desired, when a relay of this type is used, such time-lag is gener¬ 
ally provided by the use of one of the auxiliary de\'ices which 
will be described hereaftei. An instantaneous relay is described 
in the British Standard Specification, No. 142, for Electrical 


/f.C 



Jig t ' O —Attracted Armature Relav. 


Protective Relays, as one which, with a current equal to one 
and a half times the setting value, will complete its operation 
vvath a time-lag not exceeding o-i seconds. 

Due to the in ertia of the moving^ part, no rela^can be truly 
instantaneous at a ny j)0S£’Me value of the current., ^d, 
although the time-lag of a nominally instantaneous relay will 
be very small for values of the operating current well in excess 
of the setting, the inertia of the movement will cause a sensible 
time-lag in the operation for values of the current only slightly 
greater than the setting. 

If we consider that the attractive force on the moving 
element is proportional to the difference between the squares 
of the actual current Ij and the minimum current Iq which will 
operate the relay, and also assume as a very rough approxima- 
ation that this force is constant with constant current for all 
positions of the movement, then we can equate this attractive 
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force K (I® — lo*) to the product of the mass of the movement 
M and its acceleration. The acceleration is therefore 
/I 2 — I 2 ) 

K ® and if 1 is the total travel of the movement 

M 

required to complete operation, we have, according to element- 
arv principles, 

. /| 2lM I 

iK(P-i„®)r 

This expression shows roughly the effect of inertia and length 
of travel of the movement on the time of operation of an 
instantaneous relay and indicates that to obtain maximum 
speed of operation both the length of the travel and the inertia 
of the movement must be reduced to the smallest possible 
values. The dependance of the time-lag upon the inertia of 
the relay movement has been utilised to obtain small time-lags 
in the Fawssett Parry relay. This instniment is of the moving 
iron t3q)e, and the movement consists of a pivoted iron vane 
which is caused to rotate against the torsion of a spring by the 
field set up by the operating current. The inertia of the relay 
can be varied without alteration of the controlling force of the 
spring by loading the movement with circular weights arranged 
concentrically with the axis of rotation. 

It will be seen, from the approximate equation deduced 
above, that the time current characteristic of an electro¬ 
magnetic relay is of a h5q)erbolic character. The time-lag 
will be quite appreciable when I is verj’ little greater than Iq, 
although the magnitude of this time-lag for a given value of I 
will be more or less indefinite due to the uncertain influence of 
the static friction of the movement which has been neglected 
in the above discussion. The time-lags, in attracted armature 
relays particularly, will tend to diminish, as the operating 
current increases, quicker than is indicated by the approximate 
equation owing to the fact that the attractive force, for a given 
current, increases as the movement proceeds to position corres¬ 
ponding to completion of operation. 

Induction Relays.—^The essential components of relays of 
this class comprise a compound magnetic system in which are 
two alternating magnetic fields separated in time phase and in 
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space, together with a pivoted disc which is free to move in 
the field of the magnet system. The torque on the disc may 
be conceived as being set up by the intei action of one of the 
magnetic fields with the currents induced iu the disc by the 
other. This torque will be proportional to the product of the 
magnitude of tl^ one flux, that of the current induced by the 
^ther, and the cosine 01 the angle of pha&e difference between 
the current and flux As th,., di<5c currents arc in approximate 
phase quadrature with and are proportional to the flux pro¬ 
ducing them, the, torque will, for a given frequency be pro¬ 
portional to ^2 sin a, where <&i and 0 ^ fwo fluxes and 

a is the angle of phase diff'*reIlC^• between them. 

The simplest method of obtaining the two fluxes satisfying 
the conditions mentioned above is found in the shaded pole 


Shadu 


\nrring' 

a/\B 

0 


Fig 87—Shaded Pole Induction Rli ay. 


pattern of induction relay. Although relays of this pattern 
are rarely manufactured to-day, there are a large number in 
use, and a short discussion of them will be desirable. The 
essential components of an induction relay are shown in F^. 87, 
which represents diagrammaticaUy a pivoted disc free to rotate 
in the air gap of an electron dgnet, one-half of each pole of 
which is surrounded by a copper band or ring. The magnetic 
circuit can be considered to consist of two halves, the one 
with, and the other without a shading ring, and the exciting 
ampere turns due to the current in the winding being equal 
for these two halves. The ampere turns in the unshaded 
portion will, neglecting iron loss, be entirely effective in produc¬ 
ing a magnetic flux in this portion. The ampere turns in the 
shaded portion will be expended, partly in producing a magnetic 
flux and partly in balancing the ampere turns in the shading 
ring due to this flux. If the shading ring be considered to be 
non-inductive, the currents in it wUl be in phase quadrature 
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with the flux threading it. The vector diagram for these 
conditions is shown in Fig. 88, 0 ^ being the flux in the unshaded 
part of the core, 0 ^ that threading the shading ring, while I, 
corresponds to the current in this ring. As the torque is 
proportional to 0i02 sin a, it is also proportional to the area of 
the triangle on 0 i inscribed in the semicircle. The area of this 
triangle is a maximum, for a given value of when a is 45 
degrees. 

If the fluxes 0 i and ^2 were proportional to the current I 
in the relay winding, the torque would be proporijonal to the 
square of this current. While this relation holds for values of 
the current up to the rated full load of the circuit, magnetic 
saturation both in the core of the relay and also in that of the 
current transformer supplying it will result in the flux being 





01 = Flux m unshaded section 
= Flux in shaded section 
li = Current in shading rinir 
Fig 88—Vector Diagram for Shaded Pole Kei w 

approximately proportional to the square root of the current 
in overload conditions, so that the torque, in these conditions, 
will be approximate proportional directly to the current. 

The movable member of the switch in the auxiliary circuit 
of the relay is closed or opened by the rotation of the disc 
under the influence of the operating torque. A permanent 
magnet is provided to give eddy current braking to the move¬ 
ment of the disc. 

In the older patterns of induction relay, an arm, to which the 
switch contacts are attached, is raised by the relay disc by 
means of a flexible cord wound round the disc spindle. The 
minimum current which will move the disc can be regulated 
by varying the position of a weight in this arm, and the amount 
of travel of the disc can likewise be varied by adjustment of 
the normal position of the arm. 
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When a current, in excess of that just reauired to move the 
disc, passes through the co h of the relay, the resultant tnrqne 
producing rotation will be equal to the differenr-e of the driving 
torque~Ki and the contr ol of the weight . This latter control 
will e^^ Mently'be e qual to Kip, w-here I^is the current w’hich will 
just initiat e m'ovement ol th e disc. - The resultant toraue is 
th us K, (I — In). Xe^ ecting friction the retarding torqu e 
will be due to the ro tation of the disc in the alternating fi plHg 
set up by the current, and in the field of the brakmg permanent 
magnet. Th is torque will be proportional to the angular speed 
to, a nd to tne squares of the fluxes. If H represent the per¬ 
manent magnet flux then the ret arding torque is K^to (I +B^) 
Thus when Elie disc is moving at constant speed. 


and 


K (I - lo) = to (I -r B*) 



As the angle 6 through which the disc must travel to complete 


operation is fixed for a given time setting, to = ', and 

t=K. !-+?■.?. 


I-I. 


If I — Iq = Ij then 
t 


j 




According to the above theory, if values of t be plotted against 

^ , the graph will be linear and t^ will be the intercept of 

1 Iq 

the graph on the vertical axis. Due, however, to the fact 
that the relation between flux and current in an induction 
relay is indefinite, the actual characteristic plotted in this way 
from experimental data, is only approximately linear. 

This last equation shows that, as I increases without limit, 
t does not become vanishingly small, but approaches a minimum 
value ti, which is equal to K^. The characteristic of the relay 
can thus be shown in the form 


(I~Io) (t-to) = t, (lo + B^). 

This equation shows that the graph of the characteristic is a 
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hyperbola with vertical and horizontal asymptotes which are 
respectively I = lo and t = Iq. The graph is shown in Fig. 
89. It will be noticed that the hyperbolic form of the char¬ 
acteristic does not depend upon the permanent magnet, and 
the form of the characteristic would be unchanged if the 
dynamic braking were obtained solely by the alternating flux. 
The term B* in the above expression merely increases the area 
enclosed by a vertical and horizontal ordinate. The chief 
function of the permanent magnet is to check the movement 
of the disc should the overload current in the relay coil be 
interrupted before the operation has been completed. 

When considering the theory of the induction relay, the 
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student should clearly grasp the distinction between the 
driving torque and the retarding torque due to rotation in the 
alternating magnetic fluxes. The driving torque is due to the 
two fluxes diSering in both space and time phase and is set up 
by the attraction between one field and the eddy currents due 
to the other, which currents flow in a circuit whose axis is 
displaced in space with respect to the axis of the first field. 
The dynamic braking torque is due to the movement of the 
disc in the fields, and arises from the attraction between 
each field and the rotational eddy currents to which it gives 
rise. A braking torque would be set up by the rotation of the 
disc in the field of a magnet without a shading ring, but no 
driving torque could be set up by such a magnet as the con¬ 
dition requiring space and phase displacement of two fluxes 
would not be satisfied. 

The induction relay is essentially one whose time/current 
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is of the inverse with definite minimum class, and it will be 
clear that if two relays are connected in series and have identical 
values of lo then, as the minimum times are proportional to the 
angular rotations required to operate the relays the one requir¬ 
ing the greater travel will for all values of the current operate 
bi fore the otluT. It shouhl aKo b ■ iio'tfd that if the two nlat 
m senes are ad j usted fo' difterent pick-up current values, then the 
characteristic of the relays for the higher current will be 
practically identical in shape w Iih that of t’ e low-setting 
relay, but it will be mot'cd horizontally to the right in Fig. 89 
by an amount corresponding t" the diffet. xe in the pick-up 
current values. The operating time of th- relay with the high 
setting will always be gr^-ater than that of the other but the 
difference of these opf*rating times will continually decrease as 
the value of the operating current rises. Thus the difference in 
the operating times of two induction relays operated by 
the same current depends upon both current and minimum-time 
settings. These properties of the induction relay are very impor¬ 
tant and their application will be considered in detail hereafter. 

The method of varying the setting of the relay by adjustment 
of the sta tic retarding force has been discarded in relays of 
more modern design in favour of the method of using a tapped 
winding, the taps being brought out to a plug board and being 
so proportioned that the ampere-tums given by a current equal 
to the setting value are the same for all settings. The values 
of the current settings are usually specified in percentages of 
the rated full load secondary current of the current transformer 
with which the relay is used. According to modem convention 
the current setting of a relay with an inverse time characteristic 
corresponds to the minimum current which will set up rotation 
of the disc. This value of the actual operating current is 
known in America as the " pick-up current.” The convention 
formerly in use in this country was that the setting value of 
the current was that which, flowing in the relay, would give a 
specified time-lag which was generally about 10 to 15 times 
the mi nimum time-lag. According to this convention the relay 
disc would commence to move with a value of the current less 
than the setting value. Although there are a number of 
induction rela}^ in use the setting values of which are marked 
in this way, the settings of modem relays correspond, as 
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stated above, to the pick-up currents, or those which are just 
sufficient to initiate rotation of the disc and ultimately to close 
the trip circuit contacts. 

The portion of the core of a shaded pole relay movement 
which is embraced by the shading ring, with the coil, evidently 
constitutes a current transformer, and the phase of the resultant 
flux in this core is modified, with respect to that of the flux in 
the unshaded part of the core, by the magnetising ampere 
turns of the secondary circuit. It is customary in modem 
patterns of induction relays for the secondary circuit of the 
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Fig. 90.—Double-Winding Induciion Relay. 

relay core to embrace the whole of this core, and for this 
circuit to be composed of a second winding, the current in 
which sets up a flux in an auxiliary magnetic circuit, disposed 
spatially with respect to the main circuit in a manner requisite 
for the production of a torque on a disc which rotates in both 
fields. 

A relay of this pattern is illustrated diagrammatically in Fig. 
90, and the vector diagram corresponding is shown in Fig. 91. 
This diagram, it wrill be seen, is similar to that already studied 
in connection with current transformers, the difference between 
the relay and the transformer and the relay being that, due to 
the air gap, the exciting current of the relay is relatively much 
larger than that of the transformer. The current in the second¬ 
ary circuit is taken into the winding on the auxiliary lower 
magnet, and the flux-f, induced by this current, is approxim¬ 
ately in phase with it, but differs in phase from the main flux 
♦i by an angle a. The driving torque, due to the two fluxes 
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4>i and 4>2 and the difference of phase, a, between them, is set 
up in a manner exactly the same as has been explained in the 
discussion of the shaded pole relay. Another modem relay, 
based on exactly the same principle, is shown diagrammatically 
in Fig. 92. Here the moving element is bell-shaped, and the 
auxiliary magnetic circuit is spatialh" at right angles to the 
path of the main flux 

The difterence between the pattern of relay just described 
and the shaded pole type is very important as, by using 
the current in the secondary circuit of the relay to produce the 
auxiliary flux <p2, a much greater angle of ^hase separation a 
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between 4 >i and can be obtained than in the shaded pole 
relay, in which the angle a corresponds to that between 
and in the vector diagram. Fig. 88. As the torque given by 
the relay is proportional to sin a, the double winding pattern is 
in this respect, superior to the shaded pole pattern. 

There is a further interesting and important feature of the 
double-winding pattern of induction relay, and this is that the 
operation can be controlled by modification of the secondary 
circuit. If this circuit is opened, then no auxiliary flux is set 
up, however great may be the value of the primary current, 
and no torque will be produced. A double-winding pattern of 
induction relay can, therefore, be made inoperative by opening 
the secondary circuit. 
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The relays illustrated in Figs. 90 and 92 differ in some other 
details from the shaded pole pattern. The static control is 
obtained by a spring, instead of a weight, and the contact piece 
bridging the switch contacts is attached directly to the spindle 
of the moving element. The method of varjdng the current 
setting by var3dng the number of turns of the primary winding is 
also employed. The time setting is varied by adjustment of 
position of a stop against which the control spring holds the 
movement in normal conditions. The use of a control spring 
instead of a weight gives a retarding torque which increases 
as the rotation of the moving element proceeds; and this 
modifies to some extent the theory of the induction relay set 
out above. The effect of the control spring is, how'ever, small, 
and the relation of the time-lag to the operating current closely 
conforms to the hyperbolic law which has been deduced on 
approximate grounds. 

In some modem patterns of induction relays the contact 
piece which bridges the trip circuit contacts is not attached 
Erectly to the main rotating element, but to a toothed sector 
which gears with a pinion on the spindle of this element. By 
the use of this gearing a considerable amount of rotation of the 
disc is required to move the sector piece sufficiently to close the 
trip contacts, and long minimum time-lags are more readily 
obtainable than if the trip circuit switch is directly connected 
to the disc spindle. 

Relay with Linear Time-Current Characteristic.—The 
inverse with definite-minimum time characteristic of the 
induction relay is one which is useful in many circumstances, 
but in some conditions the minimum time feature is a dis¬ 
advantage where it is desired that heavy short-circuits shall be 
cleared instantaneously. A modified design of overcurrent 
relay has recently been evolved in America, the time-lag of 
which diminishes from a fixed value at the setting value of 
the current proportionally to the excess of the current over this 
setting value, till for a specified value of the current the time- 
lag disappears. 

The definite minimum time feature of the induction relay is, 
PS we have seen, due essentially to the self-braking effect of the 
fluxes which provide the driving torque, In the relay with the 
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linear characteristic the driving element consists of a solenoid 
the plunger of which is connected mechanically to the rotating 
disc by a spring coupling. The usual restraining force provided 
in an induction relay by a weight or spring is not used, but the 
force due to the solenoid is assisted by that of a spring. Opera¬ 
tion of the relay is controlled by an auxiliary movement which, 
in its normal position, locks the main movement, but which 
unlocks this movement and alloAvs rotation of the disc when 
the current in the auxiliary movement reaches the setting 
value. The effect of the spimg coupling ol the main movement 
to the rotating disc is to avoid the flatteunig of the character¬ 
istic cuiA'e at heavy overloads. If the v)verload is small, the 



Fig. 93.-iLLfSTRATING METHOD OF OBTAINING 
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force exerted by the driving element is small and the disc 
starts to rotate in the field cf a permanent magnet, as soon as 
the driving member moves. The speed of travel of the solenoid 
is thus controlled throughout by the eddy current brake. With 
heavy overloads the solenoid moves against the reaction of the 
spring through a certain distance before the brake disc attains 
its steady speed. At a certain value of the overload, the travel 
is completed before the disc rotates and the operation is instant¬ 
aneous. 

The effect of the spring which assists the action of the move¬ 
ment is that of a negative control, and virtually shifts the 
natural hyperbolic characteristic to the left as shown in Fig. 
93. The dotted portion of the cunn is rendered nugatory by 
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the action of the locking device. The effect of the spring 
coupling is to cause the axis of zero time to bend upward to 
meet the characteristic curve as shown in the diagram. The 
resulting characteristic is very approximately linear, as shown 
in Fig. 94 (a). 

A relay of the pattern described allows of three independent 
adjustments. The minimum current which will operate the 
relay can be adjusted by variation of the ampere-turns in the 
coil of the auxUiarj' device which unlocks the main movement. 
Alteration of the travel of the movement required to close the 
trip contacts has the effect of shifting the characteristic curve 
in a horizontal direction without varying its slope, while a 
variation of the ampere turns on the main driving member 
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will vary the slope of the curve without aftecting the value of 
the setting current. The three variable settings ai c illu.strated 
in the curv'es of Fig. 94 (b). A shows the extension of the 
curve to the left, corresponding to an increase in the sen.sitivity 
of the auxiliary movement which unlocks the main movement, 
B shows the shift of the curve resulting from a reduction of the 
amount of travel required to close the trip contacts, wdiile C 
show's the alteration of the slope of the curve resulting from a 
reduction of the effective number of turns in the solenoid of the 
main driving movement. 

Directional Relays.—In the relays hitherto considered the 
w'orking forces have been derived from the interaction of 
magnetic fields derived from the current in the relay windings. 
These working forces are, except as modified by magnetic 
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saturation, inherently dependent upon the square of this 
current. The direction of the working force is therefore inde¬ 
pendent of the direction of the current. In a relay which is to 
be responsive to the direction as well a® to the magnitude of 
the current, one of the magnetic fields which produce the driving 
torque must be derived from a source other than the operating 
current. Accordingly c'irectional relays are essentially watt¬ 
meters, and the direction of the torque set up m the relay 
depends upon the direction of the current relative o the voltage 
with which it is associated. Thus a directional relay is inher¬ 
ently a power relay, and, excepting so far a . it is modified by 
special devices, its response wall be to a specified value of the 
power flowing in a specified direction. 

The simplest forms of directional relays are modified watt- 
hour meter movements, and they may be considered to be de¬ 
rived from the over-current induction relay already described 
by substituting a voltage coil for the main current coil, removing 
the secondary winding on the main electro-magnet, and passing 
the operating current into the winding on the auxiliary magnet. 
The voltage coil is connected directly to the source of excising 
voltage and the flux due to the current in this coil will be \ ery 
nearly 90 degrees lagging on the voltage, while the flux due to 
the current coil will be very nearly in phase with the operating 
current. As the torque is proportional to sin a, and a 

is (90 — this torque will be proportional to IV cos the 
power in the circuit. Power directional relays may be of the 
single-phase or of the three-phase patterns, the latter pattern 
consisting of two watt-hour meter elements with a common 
spindle. The control force for varying the setting is provided 
by a spring, the tension of which is adjustable, w’hile var3dng 
time-lags can, as in the induction over-cuixent relay, be obtained 
by adjustment of the amount of rotation required by the disc 
to close the trip contacts. 

The current required to operate a directional relay, with a 
constant value of will vary inversely as the voltage. Now the 
severity of a fault is assessed by the magnitude of the current 
in it, and not by the power carried by this current. Further, 
the incidence of a fault leads to a drop in the voltage on the 
parts of the system adjacent thereto. A wattmeter relay will 
therefore become less sensitive the greater the fall in voltage 
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occasioned by the fault. It is highly desirable in many cir¬ 
cumstances that the current required to operate a directional 
relay be approximately independent of the exciting voltage and 
dependent only on the current setting value. There are two 
methods in common use whereby the operation of a directional 
relay is rendered very nearly independent of voltage fluctua¬ 
tions. 

Combined Directional and Over-Current Relay.—The 
simplest method of obtaining independence of voltage changes 
consists in the use of an induction current relay in conjunction 
with a directional wattmeter relay w'hich is so sensitive that, 
with the lowest value of the voltage which may be anticipated 
in the severest fault conditions, sufficient torque will be pro¬ 
duced by a current equal to the setting value to close the 
contacts of this relay. The two relay elements are so 
arranged that the tripping circuit controlled by them is not 
closed till two conditions are satisfied, (a) the current reaches 
the value corresponding to the setting of the current relay and 
(b) its direction is such as to operate the wattmeter relay. The 
simplest method of achieving these results is to connect in series 
the switches operated by the two movements, as the operation 
of one movement alone will then evidently fail to energise the 
tripping circuit. There is, however, an objection to this simple 
procedure which we will now explain. Conceive that a sub¬ 
station is supplied by three cables, through circuit-breakers 
each of which is controlled by a directional and over-current 
relay, the trip circuit switches of which are connected in series. 
Should a fault occur on one of these cables, then, as we shall see 
later, the relay combination controlling the breaker for the 
faulty cable will operate, and, after the lapse of the time-lag 
given by the over-current element, the breaker of the faulty 
feeder will trip. Meanwhile, current may have been fed into 
the fault by the remaining cables, and the over-current elements 
of the relays for these cables will operate and close their trip 
switches, but the breakers will not be opened as the direction 
of the fault current will be such as to hold the directional 
elements in the normal position. The instant the faulty cable 
is cleared, the fault current ceases to flow through the remaining 
cables, but the dircf'tion of the load current mav be such that 
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one of the sensitive directional elements of the relays for these 
cables operates and closes its switch contacts before the con¬ 
tacts of the over-current element, which have been closed by 
the fault current, have time to separate. A second breaker 
may thus be tripped hy the improper operation of the relays. 

An alternative arrangement of the two relay elements is to 
use the switch of the o\ er-current element to close the voltage 
circuit of the directional element, \shich circuit would, in normal 
conditions, carry no current. A little thought vvill, however, 
make it clear that this arrangement is oper to the same objec¬ 
tion as applies to the one in ^\hich the s\v itches of the two 
elements are connected in sericN. 

The standard arrang^^nient wherel/y the over-current and 
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directional elements each control the tripping of the circuit- 
breaker associated with the relay is to connect the switch of the 
directional element in the secondary circuit of the over-current 
element. We have seen that no torque can be developed in a 
double winding induction relay if the secondarj’ circuit is open. 
So long, therefore, as the flow of power is in the normal direction 
no operation of the over-current relay takes place. If the 
current reverses and attains a value equal to or in excess of the 
setting of the current relay, then, and then only, will both 
elements operate together, and, after the lapse of the time-lag 
given by the current relay, the switch of this element energises 
the trip coil of the associated circuit-breaker. The arrange¬ 
ments of the several circuits of a combined directional and over¬ 
current relay is shown diagrammatically in Fig. 95. 

The combination of a sensitive directional relay with an 
induction current relay is very flexible. Variations of the 
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current and time-lag settings are given by the current relay, 
and the sole office of the directional relay is to cause the current 
relay to be operative when the power flow is in the specified 
direction. The sensitivity of the directional element is such 
that it will be operated by a current corresponding to the lowest 
setting of the current element and with two per cent, of the 
normal voltage. 

In certain circumstances it is required that the operation of 
the directional relay combination be instantaneous, and for 
such a condition it is necessary to use a current relay of the 
moving iron or attracted armature type. With a combination 
consisting of a directional relay and an instantaneous current 
relay, the contacts of the switches of these relays must be 
connected in series. The objection to this procedure which 
has been explained in connection wdth the use of an induction 
relay is not so serious wdth an instantaneous relay as, due to the 
quicker movement of these relays, the current element switch 
wiU probably open circuit before that of the directional 
element closed, should the conditions have been similar to 
those described on p. 146. If, however, the contacts of the 
instantaneous relay are hand-resetting, then the objection to 
connecting the two sets of contacts in series will apply and the 
combination of directional and instantaneous current elements 
must be used with care. 

The construction of a directional relay energised by residual 
current and voltage differs in no way from those energised by 
line currents and voltages except that, as explained on p. 63, 
the voltage coil must be competent to stand three times the 
normal secondary line pressure. When the directional relay is 
energised by a residual current and a secondary current derived 
from a transformer in an earthing connection, both windings 
will be wound for the rated secondary current of the current 
transformers. 

Compensated Directional Relays.—A wattmeter relay 
can be made to operate with a current which is approximately 
independent of the exciting voltage by incorporating some 
modification w^hereby the movement is acted upon by a torque 
derived from the voltage alone, in addition to the torque due 
to the watts. The supplementary voltage torque is constant 
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in direction, this direction is such as to hold the movement 
in the off position. A fall in the voltage thus decreases the hold- 
off torque due to this voltage and thereby makes the relay more 
sensitive to the wattmeter torque. 

The characteristic obtainable by this method can conveni¬ 
ently be studied by considering in detail the electrical circuits 
of a modem directionai relay of the dynamometer type. This 
instrument comprises an iron-cored electro-magnet or which 
are two windings, and which is arranged with an annular air 
gap in which a pivoted moving coil is fr.e to rotate. The 
mo\'ing coil carries a current proportional tr the voltage of the 
circuit in which the relay is connected. One winding of the 
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Fig go —Compensated Directional 
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Compensated relay 


I _I_I_I-1 

0 50 WO 

Percent of normal voltage 

Fig 07.—Characteristic of Com 
PENSATED Directional Relay. 


magnet carries the circuit current, and the other a current, 
derived from a small transformer, which is proportional to the 
voltage. The internal connections of the relay are shown in 
Fig. 96. If the circuit power factor is unity the wattmeter 
torque is proportional to IV, the voltage hold off torque to V® 
and the static control is constant and equal, say, to w^ Thus, 
when the relay operates. 


IV - aV* --- w 
\v 

whence I = a\’, 

the first term of this expression for I increases and the 
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second term diminishes as V diminishes, so that I remains 
approximately constant over a considerable range of varia¬ 
tion of V. 

In the relay illustrated the nominal current setting is iJA, 
and the current derived from the auxiliary transformer at the 
normal voltage is lA. With a voltage which is a fraction n of 
the normal voltage this current will be n amperes. The static 
control is evidently equivalent to the torque given by a resultant 
current in the fixed coil of JA, at unity power factor and 
normal voltage. If be the normal voltage, then at a voltage 
of nVj and a power factor of unity, the wattmeter torque is 
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1 = Main current. 

V == Main voltage. 

Vj == Voltage on transformer 
winding. 

V 3 = Voltage of tertiary winding 
V 2 == Resultant voltage on mov¬ 
ing coil circuit. 

Iv = Current in moving coil. 
e = Lag of Iv on 

Fig. 98.—Vector Diagram for Com¬ 
pensated Directional Relay. 



Fig 99.—Induction Directional 
Relay 


nViI, the voltage hold off torque nWj, and the static control 

torque Thus, 

4 

nVjI - nWi = 

4 

and I = -^ -I- n. 

4n 

The characteristic, connecting I and n, corresponding to, 
this equation, is shown in Fig. 97, from which it will be seen 
that the relay actually becomes more sensitive as the voltage 
falls till n reaches a value of i. The corresponding character- 
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istic for a non-coin{)ensated wattmeter relay ib shown in the 
same diagram. If the voltage on the relay fall to five per cent, 
of the normal value, we find by substituting n = i/20 in the 
above equation that the current required for operation is 
5 05A, and only about four times that corresponding to normal 
voltage. 

It will be observed Li the diagram of connections, Fig. 96, 
that there is, in series with the moving coil circuit, a small 
tertiary winding on the transformer which fumi^hes the com¬ 
pensating current. The office of this windnig is to connect for 
the lag of the moving coil current on the voltage applied to the 
relay. The compensating transformer is a reactive circuit and, be¬ 
ing in series with a resistance, the voltage Vj across its terminals 
will, as shown in the vector diagram. Fig. 98, lead on tlie 
applied voltage V. The E.M.F. which is added to V by the 
tertiary winding gives a resultant Vj, and th current in the 
moving coil produced by this resultant is shown as I„ and is 
in phase with V. 

A typical induction pattern of compensated directional relay 
is illustrated diagrammatically in Fig. 99. This relay is evide tly 
a modification of the current relay shown in Fig. 92 (b), and 
the current in the compensating ^vinding CW is derived induc¬ 
tively from the applied voltage in a manner which will be clear 
from the diagrcim. The resultant flux in the vertical limbs ol 
the cross-shaped member is thus proportional to the difference 
of the current and a fraction of the voltage, and the principle 
of this relay is thus similar to the dynamometer relay already 
discussed, the radical difference betw'een the two patterns being 
that in the dynamometer pattern the current proportional to 
the voltage is conveyed into the moving coil by conduction, 
whereas in the induction pattern, the current proportional to 
the voltage can be considered as being conveyed into the 
rotating member by induction. The office of the closed wdnd- 
ing on the main electro-magnet in Fig. 99 is to modify the 
phase of the horizontal flux across the gap so that, with a pow'er 
factor of unity, the currents induced in the bell by the voltage 
flux are in phase with the flux set up by current. 

Distance Relays.—have now to consider a type of relay 
in which the operation is governed, not by the magnitude of the 



152 AUTC PRCTECTIOX OF A.C. CIRCUITS 

current or power in the circuit with which the relay is associ¬ 
ated, but by the ratio of the voltage of the circuit at the point 
where the relay is connected to the current flowing past this 
point. A relay so designed will operate when the impedance 
of the circuit on the side of the relay remote from the source of 
supply falls to a specified value. The application of relays of 
this class will be considered in detail in a subsequent chapter, 
but at this stage we may point out that the impedance of a 
supply circuit, reckoning from any point, is made up of the 
resultant impedance of the load, and the impedance of the 
connecting lines. This latter impedance is proportional to the 
length of these lines, and by adjustment of the impedance value 
required to operate a relay of the type now under consideration, 
to correspond to a figure equal to that of the connecting lines 



Fig. ioo —Definite-Impedance Relay 


we have a de\’ice which, apart from minor limitations, will 
operate with a short-circuit on the connecting lines, when the 
impedance is less than that corresponding to the setting of the 
relay, but w’hich will be inoperative for any value of an overload, 
or for a short-circuit on the consumer’s side of the supply 
terminals, when the impedance will be greater than this setting 
value. As the setting of such a relay can be expre&sed in terms 
of the greatest length of tremsmission line which, when short- 
circuited, will cause operation, the designation distance relay 
is often given to instruments of this type. The simplest pattern 
of instantaneous distance relay b illustrated diagrammatically 
in Fig. IOO. Here are two solenoids, energised respectively by 
the current and voltage of the circuit, the plungers of w'hich 
are mechanically connected to a pivoted beam on opposite 
sides of the fulcrum. The trip circuit switch bridging piece 
is connected to the beam, and the arrangement is such that 
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An interesting method of biasing which has been suggested 
as being applicable to a dynamometer type of current relay is 
shown schematically in Fig. ii6. The dynamometer relay com¬ 
prises two circuits, the one fixed, and the other movable, and 
operation of the relay, as in the wattmeter type, only takes place 
when the current in one circuit flows in a st'pulated direction 
in relation to the other. As long as the secondary currents of 
the two current transformers shown in Fig. no are equil, the 
relative direction of the currents in the two circuits of the relay 
are such as to hold the mo’^ement in the norm ->1 position. If a 
difference current is superimposed on the straight-through 
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current in one primary winding it will be seen that there are 
tw’O parallel paths for the corresponding excess secondary 
currents, the one in the normal direction through one circuit 
of the relay, and the other, in a reverse direction through the 
second circuit of the relay and the shunting resistance. As the 
magnitude of the excess current increases in relation to the 
straight-through current, the resultant current in the second 
circuit of the relaj w’ill fall to zero and ultimately reverse. 
When the reversed resultant reaches a certain value the relay 
will operate. It is evident, therefore, that the magnitude of 
the excess current required to operate the relay depends for 
a given value of the setting and of the shunting resistance, upon 
the magnitude of the straight-through current. This method 
of biasing is onl}^ applicable to dynamometer relays and suffers 
from the disadvantage that a large fraction of the output of the 
current transformers is dissipated uselessly in the shunting 
resistance. 
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The biasing feature of an induction relay connected as shown in 
Fig. 117, is obtained by the use of two elements, each of which 
co m m un icates a torque to the rotating element. The element 
which carries the main secondar}’ current gives the restraining 
torque which tends to hold to movement in the normal position. 
The element carrying the difference current provides the torque 
which tends to close the trip circuit contacts. A relay of this 
kind will evidently operate with a value of the difference current 
which bears a sensibly constant ratio to the main secondary 
current. The mechanical control of such a relay •will be quite 
small, and the various settings, stated in terais of the ratio of 
difference current required to cause operation of the relay, are 
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Fig 118.— Bi\bi\G Transformer. 


obtained by alteration of the number of effective number of 
turns on the difference current winding. The constant ratio- 
difference characteristic is obtained in relays of American 
manufacture by the use of a magnetic circuit which is equiva¬ 
lent to a combination of two simple elements such that two 
torques are communicated to the disc, the one due to the 
difference current tending to cause operation of the relay, and 
the other due to the main secondary current tending to retain 
the movement in the normal position. 

A further method of obtaining a biased characteristic for a 
relay responsive to difference currents is by the use of an 
external de'vice kno'wn as a biasing transformer. The principle 
of the biasing transformer is illustrated by the schematic 
diagram of Fig. 118. The transformer is seen to have three 
windings, a primary winding carrying the difference current to 
be transferred inductively to the relay, a secondary Avinding to 
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which the relay is connected, and a restraining winding carrying 
the main secondary current. The windings are so arranged 
that the M.M.F.s set up by the primary and secondary windings 
are in the same direction round the outer magnetic circuit, 
while the M.M.F.s due to the two halves of the restraining wind¬ 
ing tend to set up a nagnetic flux which flows in opposite 
directions in this circuit, and which finds its return path 
through the central hmb of the core. The flux dm to the current 
in the restraining winding thrrefore induces no resultant E.M.F. 
in either the primary or the secondary circ .ds. The effect of 
this flux in the core is, however, to vary the primary exciting 
ampere turns required to produce the resultant flux round the 
outer magnetic circuit required to induce the necessary second- 



Restra.inmg' current 

Fig HQ.—Characteristic of Biasing 
Tr.ansformer. 


ary E.M.F. necessary to cause operation of the relay. In other 
words, as the magnitude of the restraining current increases, 
saturation of the iron of the transformer proceeds, and the 
ratio of primary to secondary current increases. The difference 
current in the primary circuit required to produce the operating 
current of the relay in the secondary circuit thus increases as 
the restraining current increases. The relation between the 
difference current required for relay operation and the restrain¬ 
ing current is shown graphically in Fig. 119. The two curves 
have reference respectively to a transformer with and without 
an air gap in the central limb of the core. Without an air gap 
the characteristic is seen to correspond to an approximately 
constant ratio of operating to restraining current. It will be 
set n that, by the use of an air gap, the value of the operating 
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current is approximately constant for values of the restraining 
current up to the rated full load current. The biasing feature 
is then restricted to overload conditions. 


Over-Current Relays with External Restraint.— It is 

often desirable, on large transmission systems, to have some 
m ansof restraining over-current relays from operating when the 
value of the fault current exceeds that which the associated 
circuit-breaker is competent to interrupt. The fault current 
is finally cleared by a large breaker, situated on the network 
nearer the source of supply. A relay with the required char- 
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Flu. 121.—Over-current Relay 
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acteristic is shown diagrammatically in Fig. 120. This relay has 
two components, the one an attracted armature element, set 
to operate at the maximum current which the associated 
breaker can handle. Operation of this relay opens the trip 
circuit. The second element is of the normal induction pattern 
and operation of this component closes the trip circuit. With 
a fault current whose value exceeds the setting of the attracted 
armature element, the induction element is manifestly incom¬ 
petent to trip the breaker. 

In some circumstances it is desirable to prevent the operation 
of an over-current relay unless the voltage falls to a low value. 
A combination which satisfies this condition is shown diagram¬ 
matically in Fig. 121. Here a low voltage relay of the attracted 
armature pattern normally holds in the open position a switch 
in the secondary circuit of an induction over-current relay. 
This latter relay is thus restrained from operating with any 
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current value, unless the voltage falls below the setting value 
of the undervoltage relay. 

Translay Relays.—^We have already explained that the 
operation of a two-circuit induction relaj’ can be restrained by 
opening the secondary circuit. With this circuit open, the 
voltage induced in the >econdary winding will depend upon the 
primary current, as the electrical and magnetic circuits of this 
pattern of relay are similar to those of an air gaj current trans¬ 
former. If the main circuits of two such relays of identical 
design carry the same current, equal voltages will be induced 
in the secondary windings. If these windings are so connected 



Fig. 122.—Translay Relay 


that these voltages are in opposition, no current will flow in 
the secondary circuits and no torque will be communicated to 
the rotor of either relay. If the currents in the main windings 
of the relays differ in value, unequal voltages uill be induced 
in the secondary windings, and there will exist in the inter¬ 
connected secondary circuit a resultant voltage due to which 
a current will circulate in this latter circuit. A torque will be 
set up in the rotor of each relay. The direction of the secondary 
currents will, however, be opposite in the two relays, and, con¬ 
sequently, the torque in one of the relays will tend to close the 
trip circuit, while, in the other relay, the torque will hold the 
rotor in the normal position. Induction relays, with their 
secondary circuits interconnected in the manner described, 
can, therefore, be used to indicate the main current transformer 
which carries the greater current. The designation " Trans- 
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lay ” applied to induction relays used in this manner is intended 
to indicate that the instrument is used both as a transformer 
and a relay. 

The applications of the Translay relay will be dealt with in 
a later chapter, but a special feature of the instrument which 
provides a biasing feature, and also prevents operation by 
capacity currents, may here be described. The magnetic and 
electrical circuits of the relay are shown in Fig. 122, and it is 
seen that, in addition to the main winding and the secondary 
winding, there is a copper band, forming a single turn winding, 
on the salient pole of the upper magnet. The flux, due to the 
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currents in the windings on this magnet, can be considered as 
the resultant of two components, one of which passes across the 
gap in the upper magnet, and the other of which passes out of 
the salient pole into the gap in which the disc rotates. The 
effect of the copper band is to cause the component which passes 
through it to lag in phase on the component w’hich remains in 
the upper magnetic circuit, in accordance with the theory 
discussed on p. 134 in reference to the shaded pole relay. The 
vector diagram applicable to the relay is shown in Fig. 124, 
is the main flux giving rise to the secondary E.M.F. Ej, 
and is the leakage flux, lagging in phase on due to the 
copper band. The currents induced in the disc due to (P will 
be in phase quadrature with 0 as shown by the vector Ij. 
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The torque will be proportional to Iwhere I, is the second¬ 
ary current, and to the cosine of the angle of phase difference 
between these currents. The secondary current due to a 
difference in the secondary voltage of two interconnected relays 
will lag in phase on E,. If, however, due to the capacitance of 
the leads connecting the secondary windings of two relays, a 
current flows into thes^ leads with equal currents in the main 
windings, these currents will lead in phase on E,, and when the 
angle between I* and I; exceeds ',0 degrees, ihj torque tvill 
restrain the relay from operating. 

The biasing feature of the Translay rela^ s obtained by the 
unsymmetrical situation of the copper band on the salient pole 
on the tipper magnet, whereby a torque, restraining the relay 
from operating, is communicated to the disc, irrespective of the 
flow of current in the secondary circuit. This torque is set up 
in a manner exactly similar to that due to the secondaiy 
winding on the lower magnet. The restraining torque due to 
the copper band increases with the current in the main winding, 
and the difference current component required to operate the 
active relay thus increases with the straight-through com¬ 
ponent. 

A later type of Tran'-Iry n.-lay emboditN an additional biasing 
feature consisting of an auxiliary electro magnet producing a 
restraining torque on the movement which is connected in 
series with a capacitor to the secondary ol an auxiliary current 
transformer in the main circuit ol the relay. The impedance 
of the capacitor decreases as the frequency rises, hence the 
auxiliary biasing feature tends to stabilise the relay in high- 
frequency transient conditions, and sO to prevent improper 
operation. 

Definite Time-Lag Relays.—In relays of this t3q)e the 
time-lag is nominally independent of the current in the relay 
winding. The timing is, therefore, obtained by the movement of 
a member in response to a torque provided by a spring or 
weight, and the sole office of the current operated element is to 
release the timing element, which closes the trip circuit contacts 
after an amount of travel which is adjustable. The current 
operated element may be of the instantaneous solenoid or of 
the attracted armature pattern, and the value of the current 
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required to effect the release of the timing element can be 
varied in the usual way. The combination is so arranged that, 
should the current in the release element be interrupted before 
the travel of the timing element is completed, the movement 
of this latter element is arrested, and it is immediately reset. 
The resetting of the timing member is usually automatic and 
effected either by a separate spring control from w'hich it is 
disengaged by the release element, or by a separate voltage 
excited element which is only active while the disc is in a position 
other than normal and the release element is unexcited. The 
movement of the timing element is usually controlled by an 
eddy current brake, so that the time-lag is nearly proportional 
to the total travel of this element. The total time-lag of relays 
of this type is the sum of that given by the timing element, and 
that inherent in the release element. We have already 
explained that the time-current characteristic of a nominally 
instantaneous relay is really of an inverse character, and that, 
for values of the operating current only slightly in excess of the 
setting, the time-lag is appreciable. The time-lag of a definite 
time-lag relay only assumes the nominal value, therefore, when 
the current in the release element is sensibly in excess of the 
minimum required to effect operation. 

The electrical features of constant time-lag relays are identical 
with those of instantaneous relays, and the only complications 
they exhibit are of a mechanical nature and connected with 
the timing element. The action of this element is readily com¬ 
prehended by an inspection of the instrument, and consider¬ 
ations of the mechanisms used for timing purposes need not 
be described here. 

Negative Sequence Relays.—A negative sequence relay 
is one which ib as^^ociated with a filter network or other device 
so contrived that it is rcbponsive only to the negative sequence 
component of a set of three-phase currents or voltages without 
a residue. Any type of over-current relay connected to such a 
resolving network as is described in Chapter IV will be a nega¬ 
tive sequence relay. A wattmeter relay, energised by negative 
sequence current and voltage in the manner therein described, 
will respond to negative sequence-power. Just as a leakage 
relay responds to an earth fault uniquely, on whatever line it may 
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occur, so a negative sequence relay responds to a short-circuit 
fault between lines, irresp)ective of the pair of lines between 
w'hich the fault occurs, energised from star. A negative sequence 
relay will generally respond to earth leakage faults if it is 
energised from two star connected current transformers. If, 
however, the earth fault occurs on the line containing no current 
transformer, the rela^ will clearly be inoperative. Whqn the 
zero sequence component is removed from a set of three- 
phase currents by connecting three current rEinsformers in 



delta, the currents external to the delta wall contain only posi¬ 
tive and negative sequence components. As a residual 
contains a negative sequence component, a negative sequence 
relay energised from delta-connected current tremsformers will 
always respond to an earth fault of a magnitude corresponding 
to th'‘ -etting. 

A type of negative sequence protective arrangement devel¬ 
oped by the Metropolitan-Vickers Electrical Co. is illustrated 
by the diagram of connections, Fig. 124A. This network is 
worthy of careful study. Here the four branches of the bridge 
arrangement are of equal impedances, and the phase angle of 
the reactive branches is 60 degrees, the other branches being 
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non-inductive. Examining the network in a general way, it is 
seen that the currents from A and C transformers divide each 
into two parts, the one lagging and the other leading 30 de¬ 
grees, if the relay impedance be assumed to be negligible. The 
positive sequence currents in the upper components of the 
bridge \\tII combine and cancel the positive sequence current 
from B transformer. The negative sequence currents in these 
branches will be equal and opposite and cancel, and the nega¬ 
tive sequence current from B transformer passes into the relay. 

A detailed analysis of this network by symbolic algebra is 
instructive. The calculation is simplified by assuming that the 
impedance magnitudes of the four components of the bridge 
are all i ohm. Marking in the sjunbolic values of the currents 



Fig 124B—Nlgatixl Sequence and Leakvgl Relay 


in the network, we can at once wTite dowm the foUoAving 
EMF equations. 

+ hn^ + h* -h^i - yi. - hill - I, -h -ii + I 
w'hence 2(1 + hi)Ii =- h*!^ — (i + hi)Io — Iq + (i + h*)! v 

and Ii -[- IZ = h* I„ - h*Ii 
whence 2(1 -f hi)Ii =• 2 h*I^ — 2 IZ, 
combining the second and fourth equation we find 
I{ 2 Z -f (I -h hi)} = (I -E h)I, (I hi) I, -E I, 

= I, + Ib + Ic + -f- I,). 

Thus the current in the relay is the resultant of three times 
the zero sequence component and Vj times the negative 
sequence current. The actual magnitude of the relay current 
depends upon the phase relation of these components. If the 
primary current is a pure residual, the relay current will 
depend upon the line carr}'ing the residual. The magnitude of , 
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this current will depend upon the relay impedance, and its 
value can be symbolically written down by substituting zero 
for two line currents in the foregoing equation. If the relay 
impedance is negligible, then an earth fault current in line B 
will produce a corresponding current in the relay; when the 
fault current is in line A or line C the relay current will corres¬ 
pond to ij \'3 times tl s current 

A different kind of negative sequ<*nce relay from the foregoing, 
developed by the same company, is illustrated by Fig. laqB. 
Here the relay carries three windings. One is energised by B 
phase current. The second is supplied from .n auxiliar}’ current 
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transformer T, so designed with an air gap in its magnetic 
circuit that the output current from it into the relay leads 60 
degrees in phase on the A phase current. These windings are so 
proportioned that, with a balanced load, their resultant effect 
is zero. With current unbalance, the resultant magnetic effect 
of these two windings plainlj’^ depends upon the negative se¬ 
quence component. In order to give response to earth fault 
currents in C phase, a third winding is provided, which carries 
the residual current. This winding is generally so proportioned 
as to give more sensitive response to earth faults than to short 
circuit faults. Typical settings are 50 per cent, (fixed) for 
negative sequence currents, corresponding to 83 per cent. 
single phase current, and 20 to 100 per cent, (adjustable) 
for earth fault currents. 

Tuned Relays.—In certain circumstances, w'hich will be 
mentioned later, it is essential that the relays used in connection 
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with an automatic protective system be so designed that they 
are responsive only to currents of normal frequency and are 
unaffected by high-frequency currents which appear in the 
secondary circuits of the protective transformers in abnormal 
conditions. The simplest relays of this class are those which 
are tuned mechanically to give the required selective response. 
A typical tuned relay is shown diagrammatically in Fig. 125 (a). 
It comprises a reed of magnetic material, free to vibrate in a 
coil carr5dng the operating current, and in the field of a per¬ 
manent magnet. The frequency of the reed is equal to that of 
the supply. The reed will be set in vibration when currents of 
the normal frequency flow in the operating coil, but will be 
unaffected by high-frequency currents. The vibration of the 
reed releases a spring controlled member carrying the trip 
circuit bridging contact. A relay of this kind must be reset 
by hand after operation. The variation of the current required 
to operate the relay for small changes of frequency is shown in 
Fig. 125 (b), and from this curve it is seen that the sen-sitivity is 
practically constant for such frequency variations as are likely 
to occur even during fault conditions. 

B.S. Requirements for Protective Relays.—The 
B.S. requirements for protective relays are contained in 
the British Standard Specification No. 142, 1927. The 
most important of these requirements are summarised 
hereunder. 

The lowest standard setting of an over-current A.C. relay is 
between 80 and 150 per cent, of the rated full load current. 
The highest setting is twice the lowest setting for time-lag 
relays and three times the lowest setting for instantaneous 
relays. The standard time setting for definite time-lag relays 
is between 10 and 0*5 seconds if non-adjustable : if adjustable 
the maximum time setting is between 10 and 2 seconds, and the 
minimum either one-fifth of the maximum or 0-5 seconds, 
whichever is greater. The time-lag of inverse with definite 
minimum time-lag relays must be constant for currents o\(t 
five times the setting value. The maximum VA for an induc¬ 
tion relay is 20 ; other types are divided into three grades whose 
maximum VA are respectively 20, 3. and o>i5. The actual 
minimum current required to operate an over-current relay 
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must not differ from the nominal value by more than lo per 
cent. Instantaneous over-current relays must complete their 
operation within 0-15 seconds with a current equal to one and 
a half times the setting value. The limits of time error with a 
definite time-lag relay are 10 per cent, of the setting value, or 
0-2 seconds, whichever is greater. Inverse time-lag relays must 
reset when the curren,. in their windings falls to 70 per cent, of 
the setting value. The standard minimum settings ot direc¬ 
tional relays are between 10 and too per cen.. of the rated 
current with rated volt-age. The highest setting is not more 
than three times the lowest. The standard maximum VA 
consumptions of the current and voltage circuits of a non- 
compensated directional relay are respectively 2 and 15. For 
compensated relays the corresponding figures are 3 and 20. 
The actual minimum current required to operate a directional 
relay with normal voltage must not differ from the nominal 
value by more than 10 per cent. A compensated directional 
relay must operate with five times the normal current, when the 
voltage falls to five per cent, of its rated value. A directional 
relay must not operate with a current in a direction nom’iially 
opposite to that to which the relay is responsive, equal to 30 
times the setting value, with the voltage at 5 per cent, of its 
rated value. 

The trip circuit contacts of protective relays must be com¬ 
petent to close a circuit consuming 350 VA subject to the 
stipulation that the voltage shall not exceed 660, and the 
current shall not exceed 3A. 
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THE PROTECTION OF ELECTRICAL MACHINERY 

The Requirements of a Protective Scheme for Altern¬ 
ators.—In considering the fundamental requirements of an 
automatic protective system for a turbo-alternator, it must be 
borne in mind that a machine of thi*^ class is liable to be sub¬ 
jected to three classes of abnormal conditions. These three 
classes are comprised under the heads of failure of the prime 
mover, failure of the D.C. excitation supply, and failure of the 
insulation of the windings or of the connecting cables. With 
regard to insulation failures, moreover, it is necessary to recol¬ 
lect that an alternator, driven by a prime mover, is still in a 
position to supply current to a fault in its own bindings, after 
it has been disconnected from the rest of the system. Pro¬ 
tective apparatus for dealing with insulation failures must 
therefore be so designed as not only to disconnect the machine 
from the bus bars, but also to extinguish the magnetic flux as 
rapidly as possible. Protective apparatus for turbo-alternators, 
therefore, invariably includes some appliance, usually desig¬ 
nated field suppression gear, which interrupts the supply ot 
direct current to the rotor on the appearance of an insulation 
failure in the main stator circuit. 

A turbo-alternator, unlike most other types of electrical 
machinery, is usually under the direct and continuous super¬ 
vision of a highly-skilled switchman or control engineer, and, 
for this reason, it is not usually considered necessary or even 
desirable to complicate the protective gear by providing for 
automatic disconnection in the case of a prolonged overload. 
Such an emergency is best dealt with by hand switching by the 
control engineer. Long time-lag protection against overloads 
of short-circuit magnitude is often provided, to disconnect thej 
alternator in the event of the failure of the protective gear 
associated with an out-going circuit which is faulty. 

182 
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Prime Mover Faults and Field Failures. —A failure of 
the steam supply to the prime mover of an alternator does not 
give rise to a condition of urgency which needs protective 
apparatus. If such a failure occurs the machine ceases to 
deliver load current to the bus bars, and draws a motoring 
current which is but a small fraction of the rated full load 
current. As the alternator remains in S3mchronism, there is 
no point in disconnecting it automatically when the supply of 
mechanical power fails. If the steam supply < an be gradually 
restored, the alternator will pick up its load without disturbance. 
If the failure of mechanical power is permanent, the alternator 
is best disconnected by hand. 

The electrical conditions arising out of a mechanical fault in 
the prime mover are so uncertain that it is usually considered 
best to deal with this emergency by hand switching. 

The conditions which arise when the direct current exciting 
supply to an alternator fails have, in the past, been very 
generally misunderstood, and, even in recent articles and books, 
statements will be found to the effect that a field failure results 
in the alternator drawing load current from the bus barr The 
incorrectness of this view will be realised at once by recollecting 
that a failure of the field current does not directly affect the 
supply of steam to the prime mover, which supply is regulated 
by the governor at a value corresponding to the speed of the 
set. The alternator could only draw power current from the 
bus bars if its speed rose to such a value as to cause the governor 
completely to shut off the steam supply. Actually, when the 
field supply to an alternator fails, and this machine is con¬ 
nected in parallel with other machines to the same bus bars, the 
conditions which arise depend upon the load and excitation of 
the machine just before the failure occurs. If the machine is 
carrying a light load, and the other machines are working with 
strong fields, the faulty machine may remain in s5mchronism, 
continuing to deliver the same load as before the fault, but at a 
low leading power factor. The abnormal power factor is, of 
course, due to the fact that the exciting current of the faulty 
machine is carried by the stator, instead of the rotor, and is 
derived, not from the exciter, as normally, but from the bus 
bars. If the load on the faulty set is considerable, it will 
probably fall out of synchronism. Its speed will immediately 
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tend to rise since it ceases to deliver load as a synchronous 
machine, but this rise in speed will result in a slip between the 
rotor and the rotating field set up by the reactive currents in 
the stator. Currents, at slip frequency, will thus be induced 
in the closed circuits of the rotor, and these, transferred 
inductively to the stator, will result in the machine continuing 
to supply power to the system. The tendency for the speed to 
rise is, therefore, checked, and the machine continues to 
supply a small amount of power, as an induction generator, 
the power factor, as before, having a low value and being 
leading. 

A failure of the supply of the exciting current of a running 
generator does not, therefore, give rise to a power reversal, 
but the extra reactive load thereby thrown on the system tends 
to bring about a fall in the bus bar voltage, which may be 
serious if the rating of the faulty generator is of the same order 
as that of the remainder of the plant operating in parallel. If 
the field failure does not cause a serious fall in voltage, there is 
no occasion for the faulty generator to be disconnected auto¬ 
matically as the machine will re-sjmchronise and take up load 
again if the exciting current can be restored gradually. If, 
however, the fall in voltage is excessive, and the stability of the 
system is endangered, it may be advisable to disconnect the 
faulty machine automatically and so relieve the rest of the plant 
of the reactive load imposed by the faulty machine. 

An ordinary reverse power relay is not competent to discon¬ 
nect a generator whose exciting current supply has failed 
because, as we have seen, the direction of power flow does not 
alter. A directional relay compensated to be responsive to 
currents of low leading power factor can be used to deal with a 
field failure. The connections of such a relay are shown in 
Fig. 126, from which it will be seen that when the power factor 
is tmity, the relay current leads in phase on the relay voltage 
by 30 degrees. If the power factor of the circuit in which the 
relay is connected falls, below 0-5 leading, the effective lead of 
the relay current on the relay voltage will exceed 90 degrees, 
and the relay will tend to operate. Directional relays con¬ 
nected in this manner are not often used, as they are liable to 
be operated by the heavy cross-currents which flow between 
an incoming alternator and those which have been carrying 
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load, when the incoming machine has been inaccurately 
synchronised. 

A field failure of an alternator is best dealt with by means 
of a low-current relay in the rotor circuit. The exciting 
current of an alternator on open circuit, normal voltage, is of 



the order of one-half of the value corresponding to full load. 
There is thus £m ample margin, within which a direct current 
relay can be set. Such a relay might well be interlocked with a 
low voltage relay responding to the busbar pressure, in sa>-ha 
manner that a machine whose field current had failed would 



only be switched out if the bus bar pressure fell to a critical 
value. Rela3’s arranged on these lines would be connected as 
shown in Fig. 127. 

Field failures of modern alternators are comparatively rare 
occurrences, and as they do not involve the possibility of the 
destruction of plant, the trend of modem practice is not to 
install protective apparatus to deal with such failures auto¬ 
matically. 

N 
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Insulation Failures.—Insulation failures constitute the 
class of fault for which automatic protective gear is most 
urgently required. Such faults involve the possibility of serious 
damage to expensive machinery, and it is in the highest degree 
necessary that immediately such a fault occurs, the alternator 
is disconnected from the system into which it is suppl5dng, and 
also that it is rendered impotent to bring about its destruction 
by feeding current into its own fault. The fault current which 
will flow in an earth fault on a star-connected machine whose 
neutral point is earthed will evidently depend upon the distance 
between the fault £ind the earthed point, being a maximum 
near the line terminals and decreasing to zero at points adjacent 
to the neutral terminals. If a faulty machine has its star point 
free, and is operating in parallel with one whose star point is 
earthed, there will, due to third harmonics in the phase voltages, 
be a constant potential difference between the free star point 
and ear^, and current will flow in an earth fault located at a 
point adjacent to the free star point. Generally, however, it 
may be said that with star-connected machines, the current 
flowing in an earth fault varies from practically zero to the 
value corresponding to that which flows in a dead earth on the 
bus bars into which the machines feed. It is, therefore, evident 
that it is impossible for automatic protective gear to 
be responsive to all faults which may occur on the stator of a 
star-connected alternator, but it must be remembered that, as 
the character of the insulation of the stator conductors of such 
a machine is uniform throughout the circuit, the possibility of 
an earth fault diminishes as the neutral point is approached. 

Reverse Power Protection.—If an earth fault occurs on 
the stator windings of a star-connected alternator whose star 
point is earthed, the power flow from the machine to the bus 
bars in the earthed phase will tend to reverse if the power 
absorbed in the fault is approximately equal to that which the 
machine was delivering before the fault occurs. If the neutral 
of the machine is free, then fault current will be supplied from 
the earthed machines on load and, the direction of this fault 
current being opposite to that of the load current, there will 
be a tendency for the net power delivered by the faulty phase 
to reverse. Reverse power relays were the earliest used for 
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the protection of alternators against insulation failures. The 
efficacy of these relays is very poor, as they are impotent until 
the magnitude of the fault current is greater than the load 
current, and if, as is not unusual, the maximum earth fault 
current is limited by the earthing resistance to a value approxi¬ 
mately equal to the rated full load cuirent of the alternator, no 
reversal of power will take place unless the fault is located in 
the windings very near to the phase terminals. The develop¬ 
ment of other and more sensitive schemes of protection has 
led to the supersession of reverse power relays for generator 
protection. 

Where reverse relays a’’e used, these ai e usually of the poly¬ 
phase type, comprising two wattmeter elements, and responsive 
to the total power output of the associated machine. Three 
single-phase relay elements can be used, and these can be of 
the compensated pattern already described. The action of 
directional relays for generator protection is complicated by 
the fall in voltage w'hich may take place if the magnitude of 
the earth fault current is considerable. In view of the fact 
that the use of directional relays for generator protect > n is 
becoming obsolete, this matter is mainly of academic interest. 

Self-Balance Protection.—All modem systems lor the pro¬ 
tection of alternators depend upon the fact, studied in detail in 
Chapter III, that the criterion which indicates the presence of 
an earth fault in a conductor carrying current without tappings, 
IS a difference between the current entering one end and that 
leaving the other end of the conductor. The technical problem 
involved in the application of this principle is that of the 
comparison of the two currents in the tw'o ends of each phase 
of the stator winding. The simplest t3q)e of differential pro¬ 
tection based upon the above principle is that associated with 
the names of Merz and Beard. This system is illustrated 
diagrammatically in Fig. 128, one ptase only being shown. From 
the diagram it will be seen that the cables from the two ends 
of each stator winding are taken in opposite directions through 
the core aperture of a current transformer. The secondary 
current of this transformer is, apart from errors, proportional 
to the difference between the currents in the two conductors, 
that is, to the fault current. It will be understood that, for a 
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given size of coie and number of secondary turns, the secondary 
current for a given fault current is independent of the rated full 
load current of the machine. Fault current settings as low as 
20 amperes can be readily obtained with the self-balance 
method of protection and, as the relaj' current depends upon 
the difference of primary currents, there is practically no 
tendency for the setting up of secondary currents when the 
machine is supplying external fault currents, however large 
these may be, provided the main cables are located centrally 
in the transformer core aperture. 

When the fault current setting is under 50A, this value of 
this setting will represent the effective primary ampere turns 
of the protective transformer. As the core of this transformer 



I lu -Sfii BUANci Pkoifction iOR Om IMf\si oi \ liiKhi PH\sr 

\ni 1 N \To.v 

must have an aperture laige enough to accommodate two or 
four cables, the ratio of transformation with the current 
corresponding to the lelay setting will be much larger than the 
turns ratio. A study of the discussion on p. 29 will make it 
clear that with the self-balance protection, relays having a low 
volt-ampere consumption at the setting current must be used 
if sensitive protection in term® of fault current is required. 

It will be seen, from a study of Fig. 128, that the protective 
transformer constitutes the limits of the circuit protected, and 
that an earth fault on the conductors on the side of the trans¬ 
former remote from the alternator will lead to no effective 
p rimary current in the transformer. In order, therefore, that 
the cables from the phase terminals of the alternator may be 
protected throughout by the self-balance scheme, it is necessary 
to extend the neutral connections of the stator windings from 
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the machine to the switch unit. The cost of this procedure is 
prohibitive with large machines and, in view of the great 
reliability of single-core cables when these are carefully installed, 
it is usual to mount the protective transformers for the self¬ 
balance scheme, on the foundation block of the alternator and 
to dispense with autor.iatic protection for the cables between 
the machine and the switch unit. These cables can, however, 
readily be protected by the scheme shown in Fig. 129, if they 
can be so installed that the sheaths are lightly insulated from 
earth throughout their length, and at their entry into the switch 
unit. From this diagram it will be seen that a current trans¬ 
former is included in the cable bonding the sheaths to earth, 
and a relay is connected to the secondary winding of this 
transformer. If the insulation of the main cables breaks down, 
the greater part of the fault current will pass through the core 
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of the current transformer, theieby energising the relay and 
tripping the oil circuit-breaker. As the fault current due to a 
breakdown of cable insulation will be considerable, the setting 
of the cable sheatli relay need not be sensitive. 

The self-balance protective system fails to respond to short- 
circuit faults between turns m the same stator circuit, since 
such a fault leads to no inequality between the currents in the 
tw'o ends of the winding. When each phase of the stator com¬ 
prises tw’o parallel circuits the self-balance method can be used 
to give protection against this class of fault in the manner 
shown in Fig 130. The short-circuited turns cause a difference 
in the currents in the primary’ of the protective transformer, and 
this difference current induces a current in the relay connected 
to the secondary’ winding. 

Merz-Price Protection.—The protective scheme associ¬ 
ated w’ith the names of Merz and Price differs from the self- 
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balance sjstcm iu that the secondary currents of current 
transformers connected at the two ends of the stator winding 
are compared by being superimposed on a relay circuit in the 
manner which has been dealt with in detail in Chapter III. It 
was there explained that, for the stability of this system of 
protection, it is highly important that the burdens on each of 
the pair of current transformers should be as nearly as possible 
the same. When the alternator is located at some distance 
from the switchgear the connection of the relay to the pilots 
carrying the secondary circulating current will most con¬ 
veniently be made at a point nearer the bus bar transformer 
than that at the neutral point of the alternator. When this is 
the case, resistance is inserted in the main pilot wire on the side 
of the relay tapping towards the bus bar transformer, so that 
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this relay tapping divide^ the whole secondaiy impedance of 
the two transformers into two equal portions 
The connections shown m hig. 131 are sometmies used. 
Here two relays and a balancing impedance are connected in 
star, and the third relay is connected between this star point 
and the fourth wdre of the secondary circulating current circuit. 
The star-connected' circuit being symmetrical as regards 
impedance, any symmetrical stray currents in this circuit will 
cancel at the star point and will not appear in the third relay 
The two relays and R2 will be responsive to short-circuit 
faults betw'een any pair of phases, while the relay R3 will 
respond to earth faults. Due to the fact that S3mimetrical 
stray currents do not appear in Rg, it will be inherently more 
stable with straight-through short-circuit currents than relays 
Ri and Rg, and its setting can be safely made lower than the 
tw’o relays which are intended to deal with short-circuit faults. 
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It has already been explained that to obtain the maximum 
sensitivity of the differential protective system under con¬ 
sideration, the impedances of the relays must be correctly 
adjusted to a value depending upon the characteristics of the 
current transformers and upon the total burden imposed upon 
them by the protective circuit. With a properly designed 
circuit, arranged as Fig. 131, a setting of 10 per cent, of the 
rated full load current of the current treinsformers can be 
obtained. A low setting for the short-circuit relays is not very 
essential, and the setting of these relays may be of the order of 
20 per cent. These settings, it should be observed, refer to the 
actual primary fault current required to operate the relays. 
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Fig 131.—^Merz-Price Protection with Earth Leakage Relay. 


Due to the interconnection of the current transformers, and to 
the considerable burden imposed by the relay impedance to 
unbalanced secondary current, the relay settings in terms of 
secondary current will be considerably lower than in terms of 
primary fault current. 

It must be noted carefully that the maximum practicable 
sensitivity of a Merz-Price protective system is expressed as a 
percentage of the rated full load secondary current of the 
protective transformers. The actual fault current required to 
operate the relay, therefore, depends upon the ratio of the 
protective transformers, and the sensitivity in terms of fault 
current will diminish as the rated full load current of the main 
primary current increases. 

When the alternator stator circuits are duplicated, protection 
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against short-circuited turns can be obtained, as with the self¬ 
balance system, by comparing the secondary currents of two 
transformers whose primary circuits carry the currents in the 
two circuits of the phase winding. The circuit for this pro¬ 
tection is shown for one phase only in Fig. 132. Current will 
appear in the relay when the normal balance of the currents of 
the two circuits is disturbed by short-circuited turns. 



Fig. 132.—Differential Protection againsi Faults Between Turns. 


Biased Systems of Differential Protection.—The prin¬ 
ciple of biasing as applied to differential systems of protection 
of the Merz-Price class has been considered in detail in Chapter 
The application of the biasing principle by the use of 
biasing transformers, beam relays, or double-circuit induction 
relaj-s, described on pp. 165 to ly.’, to generator protection i^ 




Fig. 133.—Biased Dipferenhal \si> Reverse Power Pkotection. 


easily understood and needs no further explanation, as the 
secondary protective circuit for a three-phase circuit is simply 
a combination of three single-phase circuits with a common 
return. 

A further scheme of biased differential protection which has 
been applied to generators is illustrated by Fig. 133. In this 
circuit the ratios of the current transformers at the tw’o ends of 
each stator winding are slightly different, the full rated current 
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of the neutral point transformers being 7A and that of 
the bus bar transformers being 7-5A. A current corres¬ 
ponding to about seven per cent, of the load current is thus 
permanently diverted into the relay in the difference circuit. 
This relay is of the compensated directional type, and the pola¬ 
rity of the voltage wirding is such that this permanent differ¬ 
ence current holds the trip circuit contacts open. Fig. 133 (a) 
shows the conditions for an internal fault whfn the neutral 
of the machine is earthed, and it is clear that when the mag¬ 
nitude of this current exceeds seven per cent, of the load current, 
the direction of the current in the relay reverses and a tendency 
to operate is set up. When the neutral of the faulty machine is 
free, the conditions are as shown in Fig. 133 (b). The fault 
current is now fed from the bus bars, and is superimposed in a 
reverse direction on the load current. The magnitude of the 
current in the bus bar transformer is thus reduced, and when 
the current in the fault has a value corresponding to seven per 
cent, of the load current the direction of the relay current will 
be reversed. 

As the magnitude of the fault current required to cause 
reversal of the relay cuirent is expressed as a constant ratio of 
the load current, the system is biased, and its sensitivity 
decreases as the load current increases. A reversal of the 
direction of power flow in the alternator will also reverse the 
direction of the currents in the relays. The system, therefore, 
gives reverse power protection. 

Earth Fault Protection.—If it is considered sufficient to 
provide protection against earth faults only, a simple leakage 
protective circuit will meet this requirement. As an alternator, 
if star-connected, may be run with an earthed neutral, the 
alternator must be treated as a four-wire circuit, the fourth 
wire being the connection of the neutral point to earth. Fig. 134 
shows the connections of the leakage protective circuit in which 
the relay carries the resultant of the secondary currents of four 
current transformers, one of which is connected in the cable, 
which earths the neutral point of the machine. When the 
alternator is supplying current to an external earth fault, the 
secondary current of the transformer in the earth connection 
will be cancelled by a corresponding current in one of the 
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transformers in the main connections and no current will 
appear in the relay. When the earth fault is in the machine 
winding itself, the current from the transformer in the earth 
connection will not be cancelled, but will appear in the relay. 
If the neutral of the machine is free, then current will evidently 
be fed into the fault from the bus bars, and the relay current 
wiU correspond to the fault current which is superimposed on 
the load current. 
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Fig. 134.—Earth Protection* or a Three-phase Alternator. 
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fiG. 135.—E\rth F\i*lt PRorEcnoN’ by Core-balance 'Jr\nsformer 

An alternative scheme for leakage protection of an alternator 
is shown in Fig. 135. Here the three main cables, together with 
the neutral eartliing connection, are taken through the core 
aperture of a current transformer. This circuit is the equivalent 
of Fig. 134, in that the relay current is representative of the 
resultant of the currents in the four primary conductors. 

Protection against Faults between Turns.—The schemes 
of protection described above are only suitable for dealing with 
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faults between turns when the alternator is wound with dupli¬ 
cate circuits. A scheme for dealing with this class of fault in 
alternators with single circuits is shown in Fig. 136. Here a 
mid-point tap on each stator winding is joined, through the 
primary of an isolating transformer to a mid-point tap in the 
winding of a choke cou or voltage transformer connected in 
parallel with the stator winding. The two taps are normally 
at the same potential, and no current appears in the relay 
connected to the secondary winding of the isolating transformer. 
A short-circuit between turns of the stator winding disturbs the 
voltage balance, and current passes in the cross-connection, and 
this is transferred inductively into the relay circuit. 

The disadvantage of this scheme is that three extra con¬ 
ductors at high potential have to be taken from the alternator 


Stator 



to the switchgear. The difficulties of dealing with these 
additional connections are much greater with armour-clad than 
with cellular switchgear, and it is probably due, in a large 
measure, to the standardisation of the armour-clad type of gear, 
that this system of protection against faults between turns has 
not been adopted. The protective systems of modern alter¬ 
nators of moderate size, with single circuits, do not include any 
feature for dealing with faults of this type. 

Field Suppression Gear.—We have already referred to the 
fact that the protective relays for a turbo-alternator must, in 
addition to disconnecting a faulty machine from the bus bars, 
operate some device for interrupting the supply of direct cur¬ 
rent to the rotor windings. This device can be operated 
simultaneously with the tripping of the oil circuit-breaker, or 
immediately after such tripping. As it is not practicable to 
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have the operating coil of the field suppressor switch connected 
permanently m parallel with the circuit-breaker trip coil, an 
auxiliary relay with three contacts, connected as shown in 
Fig. 137 (a), is used if simultaneous operation of the suppressor 
and the oil circuit-breaker is required. The operation of the 
protective relay energises the auxiliary relay which, in turn, 
simultaneously energises the operating coil of the suppressor 
switch and the trip coil of the oil circuit-breaker. A push¬ 
button switch is often connected in parallel with the switch of 
the protective relay for emergency use. The normal operation 
of the circuit-breaker controller, of course, merely trips the 
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Fig 137. —Operatin T Con-neciions of Field Suppression Gl\r 

breaker and does not affect the field circuit. The alternative 
method of controlling the field suppressor is shown in Fig: 137 (b) 
In this case the suppressor is energised, after the operation of 
the protective relay, by special auxiliary switch on the main oil 
circuit-breaker, which makes contact after the breaker has 
tripped. The advantage of the latter system is that the field 
current cannot be interrupted while the alternator is still 
connected to the bus bars, but, in point of practical utilit}', 
there is little to choose between the tw'o schemes. 

The usual arrangement for suppressing the field of an alter¬ 
nator is shown in Fig. 138. The suppressor switch takes the 
form of a D.C. circuit-breaker with an extra blade which, when 
the connection of the exciter to the rotor is broken, joins in 
parallel with the rotor, a non-inductive resistance. The closing 
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of the rotor circuit through the resistance limits the rise of 
pressure due to the opening of the normal circuit, and this 
limitation of pressure rise is also assisted by the eddy currents 
in the rotor body which behaves as a discharge resistance which 
is inductively coupled with the rotor circuit. Limitation of the 
pressure rise is, however, obtained at the expense of rapidity of 
suppression of the magnetic field, and the smaller the pressure 
rise, the longer the field takes to vanish. In some cases the 
discharge resistance is omitted 2dtogether, in order to secure 
rapid field suppression. When this method is used the rise of 
pressure in the rotor circuit is considerable, in spite of the 
modifying eftect of the eddy currents in the rotor core. 

Suppression 
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It is now generally recognised that undue importance was, 
till lecently, ascribed to rapid suppression of the alternator 
field by the agency of the protective apparatus. Oscillograph 
tests, with the alternator on open circuit, show that, unless the 
rotor circuit is bioken completely, an appreciable field persists 
tor some seconds after the operation of the field suppression 
device. The circumstances are considerably modified when the 
suppressor is operated by the protective relays on the occurrence 
of a fault in the alternator windings, as the fault currents flowing 
in these windings have a demagnetising effect on the rotor 
which rapidly extinguishes the flux. In fact. Continental 
practice at the present time favours the use of a suppression 
switch in the exciter field, on the ground that in this position 
the necessity of a heavy current carrying automatic de%’ice in 
the main rotor circuit is desirably avoided. 
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paragraphs deal with protectm apjuratiH designed to cli,- 

connect an alternator on the occurrence of internal faults. It 
is usual to install some additional protective device in the con-^ 
trol gear of large alternators which will disconnect the machine 
if, due to the failure of external relays, it is required to supply 
current to a line fault for an inordinate time. This additional 
device may be an over-current relay with high current and time 
settings. A better type of relay to deal with condition^ of 
sustained external faults is one Tiniquely responsive to negative 
and zero sequence components in the alternator output. With 
modem transmission systems there is a possibility that fault 
currents, sustained because of the failure of a network relay, 
may be quite moderate in magnitude, and incompetent to 
operate a generator over-current relay with a safely high current 
setting. The sU'^tained flow of fault current m an alternator 
winding is, how’ever, dangerou'-. I he armature flux set up by 
the negative and zero sequence components in this current does 
not rotate synchronously with the rotor, and induces therein 
eddy currents in local circuits which give rise to dangerous 
abnormal heating. A relay responsive to negative and zero 
sequence currents will disconnect the machine in such a condi¬ 
tion, even though the total output of the alternator is relatively 
moderate. Such a relay is described on p. 171 and it is generally 
used in conjunction with an auxiliary timing relay having a 
setting adjustable betw^een o and 10 second*-. A representative 
setting of the negative sequence relay corresponds to a 40 per 
cent, single phase current between lines. If de^iied, the negative 
sequence relay can be supplemented by a single over-current 
relay, also controlled by the auxiliary timing relay, and having 
a setting of the order of 200 per cent. This wdll deal w’ith 
conditions of sustained balanced overload. 

Alternators generating at a pressure of 33K\^ have occasion¬ 
ally failed due to flash-over resulting from excessive pressures 
to earth, and these failure*^ are suspected to be due to the 
phenomenon of neutral inversion, described on page 66, 
because they have occurred during the periods that the machines 
with uneaithed neutrals, have been disconnected from the 
bus bars preparatory to or after carrying load. It should be 
noted that with alternators of this type, single-phase voltage 
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trinsformers with primaries connected in star, are essential 
in order to obtain phase-isolation in the switchgear and to avoid 
the expense and complication of an insulated conductor passing 
from one transformer to the others. It has been proposed to 
obtain automatic protection against this kind of failure by 
providing the voltagt transformers with tertiary windings 
connected through a loading resistance, in delta, and to join to 
this resistance an over-voltage relay controlling the field- 
suppressor of the machine, so that in the event of unstable 
conditions giving an excessive residual voltage, the field of the 
machine will be suppressed and the overpressure tendency 
ch ecked. 

General Requirements for Transformer Protection.— 
If the secondary circuit of a transformer is isolated, protection 
against internal faults in either the primary or secondary 
windings can be obtained by the use of over-current relays 
controlling the supply to the primary, a time-lag being provided 
in these relays, if thought desirable to allow of the disconnection 
of faulty secondary circuits before the primary supply is hiter- 
rupted. Such a scheme will, evidently, be unsuitable for 
transformers which are connected in parallel on the secondary 
side, as power will be supplied, through all the transformers, into 
a fault on any one of them, and all the transformers Avill 
ultimately be disconnected on the primary side. The use of 
directional relays, controlling the connections of the secondary 
windings of the transformers to the secondary bus bars, would 
be one method whereby one transformer of a bank could be 
disconnected in the event of a fault in either its primary or 
secondary windings, the remaining transformers of the bank 
carrying the power supply from the primary to the secondary 
system. Directional relays are not, however, used for trans¬ 
former protection, and, with one exception, all systems of 
protection for transformers operating in parallel are of the 
differential t5rpe and depend, essentially, upon the comparison 
of currents in the primary and secondary circuits which are 
either equal or which bear an approximately fixed ratio in 
normal conditions. 

Tank Earth Protection.—This system, which constitutes 
the exception referred to in the preceding section, consists in 
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the control of the breakers on the primary and secondary sides 
of the transformer by a relay which is responsive to currents in 
the earthing connection of the tank of the transformer. The 
connections are shown schematically in Fig. 139, and from this 
diagram it will be seen that, pro\’ided both the primary and 
secondary systems are earthed, a breakdown of the insulation 
from conductor to core uill result in the flow’ of a current in the 
conductor earthing the tank, which current, through the agencj' 
of a current transformer, will operate the protective relay and 
disconnect the transformer. The tank earth system of trans¬ 
former protection is very simple, and provided certain pre¬ 
cautions are taken, is very effective in affording sensitive 
protection against the majority of failures to which transformers 
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Fig 139 —Tank Earth I’porFCTiON for Power 'Ipansioraii r-. 

are liable. To give successful results it is, first, essential that 
the flow of fault current be restricted to the earthing connection 
of the transformer in which the breakdown occurs, and, 
secondly, that precautions be taken that there is no possibility 
of even a smcdl fraction of this current finding its w’ay into the 
tank earthing connections of other transformers of the bank 
To ensure that practically the whole of the current in a trans¬ 
former fault flows in the tank earth, it is evident that the tank 
must be lightly insulated from earth when this connection is 
broken. There must, therefore, be no electrical continuity 
between the tank and the cable sheaths associated with the 
transformer. If the transformer is mounted on rollers and 
stands on a concrete floor, the resistance between the tank and 
earth, with the cable sheaths so isolated and the earthing con¬ 
nection broken, Avill be sufficient to divert practically all the 
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current due to a fault into this connection. Great care must 
be taken to avoid any direct metallic connections between the 
several tanks of the transformers of a bank, and if temperature 
alarms are fitted, the electrical circuits for all the transformers 
must be kept separate and mutually insulated. Due to the 
necessity of the electrical isolation of the tanks of all the 
transformers of a bank, the tank earth system of protection is 
most suitable for oil-immersed, self-cooled machines of moderate 
rating. If forced cooling by oil or water circulation is used, 
the electrical isolation of the several tanks will be obtained 
with difficulty, and other methods of protei^tion will be found 
more suitable. 

The tank earth system of protection is responsive to faults 
caused by failures of insulation from conductor to core, but 
not to those due to short-circuited turns or to short-circuits 
between phases. As current can only appear in the earthing 
connection on the occurrence of an insulation failure, the 
method is not subject to transient disturbances during switching 
in conditions such as will be dealt with later, and the settiiig 
of the relay can safely be given such a value as to give very 
sensitive protection. One relay, and one current transformer 
only, are required for each power transformer. The trip circuit 
contacts of this relay will be connected so as to energise the trip 
coils of the breakers on both primary and secondar}’ sides of the 
transformer simultaneously. 

Self-Balance Protection.—The application to power trans¬ 
formers of the self-balance s\btem, already described in 
reference to alternators, gives very complete and efficient 
protection against earth faults and short-circuits between 
phases, but not against short-circuited turns. The disposition 
of the self-balance protective current transformers for a delta- 
star power transformer is shown in Fig. 140, the secondary 
windings of these protective transformers being omitted, and 
the application of the method to other types of three-phase 
transformers will need no explanation. The protective trans¬ 
formers may be placed in the transformer tank, under oil level, 
but this arrangement, although giving a convenient and com¬ 
pact assembly, does not give protection to the terminals of the 
main transformer. If the protective transformers arc installed 
o 
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externally to the transformer, the interconnection of the 
primary and secondary windings of a three-phase transformer 
must be made externally and this arrangement is very un¬ 
desirable for transformers for use in situations where space is 
restricted. The self-balance system with the protective trans¬ 
formers inside the tank, used in conjunction with the tank 
earth system to give protection against terminal faults, would 
afford efftcient and sensitive protection covering edl failures but 
those due to short-circuited turns. 
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Merz-Price Protection.—The application of the Merz- 
Pn'ce current balance system of protection is not quite 
straightforward in its application to po.\er transformers as i. 
generators, since the currents in corresponding primary and 
secondary conductors of a transformer are not normally equal. 
It is, however, a simple ntatter to arrange that the ratios Of the 
protective current transformers on the primary and secondarj' 
sides of the transformer are such that load currents give rise to 
equal currents in the secondary windings of the protective 
transformers. These secondary circuits can now be inter- 
coimected in the maimer discussed on p. 70, and the protective 
relay will then be responsive to differences in the secondary 
currents of the protective transformers which are set up by 
faults in the main power transformer. 



THE PROTECTION OF ELECTMCATL MACHINERY 203 

Even when the ratios of the protective transformers are 
proportioned in this way, there arise further difficulties in the 
application of the Merz-Price system to power transformers. 
In the first place, the exciting current which flows in the primary 
circuit is not transferred inductively to the secondary circuit, 
and this component of the total primary current gives rise to 
an unbalance of the secondary currents of the protective trans¬ 
formers, which appears permanently in the protective rela5^ 
In normal circumstances this permanent out-of-balance current 
is only of the order of five per cent, of the rated full load current 
of the transformers, and by setting the relay to respond to a 
current in excess of this permanent out-of-balance, the dis¬ 
advantage of the unbalancing caused by the exciting current 
might be considered to be avoided. When, however, a dead 
transformer is switched on to the supply, the exciting current 
may assume a very high value. Suppose, for instance, the 
voltage of the supply is applied to the transformer windings at 
the instant of its zero value. Now the change in the magnetic 
flux in the core during a half-cycle of voltage change from zero 
to zero is from a po.sitivc maximum to a positive minimum, the 
total change in the flux being twice its normal maximum value. 
If the unmagnetised core is energised at a zero value of the 
voltage, the total change in the flux for the first half-cycle of 
voltage must still be about equal to double the normal maximum 
value, and accordingly, diuing this first half-cycle, the flux rises 
to this double value. Due to the 1 act that the normal maximum 
value of the flux is very near the saturation value, the value of 
the exciting current required to produce the abnormal flux 
density during the first half-cycle will generally be in excess of 
the full load current of the transformer, and a high current, 
corresponding to this abnormal exciting current, will appear in 
the relay of the Merz-Price protective circuit. The abnormal 
value of the exciting current only persists through a few' cycles, 
and the normal value is rapidly attained. If the voltage is 
applied to the windings of the transformer at a point of maxi¬ 
mum value, there will be no abnormal rush of exciting current. 
Generally, the transient value of this current depends upon 
the phase of the voltage at the instant of switching-in and also 
to some extent upon any residual magnetism in the core, but 
the possibility of a transient value of the exciting current of the 
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order of full load current, when s\vitching-in a power tran^ 
former, is quite considerable. Similar, but smaller, transient 
high values of the exciting current may occur if, due to system 
disturbances, the voltage applied to the transformer windings 
increases suddenly. 

A second source of complication in the application of the 
Merz-Price sj’stem of protection arises when three-phase trans¬ 
formers with dissimilar interconnection of the primary and 
secondary bindings are concerned. With such transfonners 
the currents in corresponding external conductors connected to 
the primary and secondary windings arc not only unequal, but 
are not in phase, so that the equality of the secondary counter¬ 
parts of these currents cannot be tested by superposition in a 
relay winding. 

The most effecti\ e method of preventing operation of a relay 
used with a Merz-Price protecti-ve circuit by current rushes 
which occur at switching-in i.s bj’ the Use of one having a small 
but definite time-lag. The induction type of relay has the 
required characteristic, and, however great may be the rush of 
current, the time-lag will never diminish below a value which 
can be made sufficient to allow the primary current to subside 
to its normal magnitude. Another method is to use instan¬ 
taneous relays of the attracted armature type shunted by 
time limit fuses. Unlike the induction relay, the fuse has a 
time-lag which diminishes indefiniteU' as the current through it 
increases and, to avoid melting of the fusc b}’ the current rush 
which may occur in a most unfavourable phase of the voltage 
at the instant of switching-in, the limiting cuiicnt the fuse will 
carry indefinitely must be given a value so high that the 
sensitivity of the protection is very low. The fuses can be 
withdrawn, when the transformer is switched in, but there will 
still remain a slight possibility of sufficient current appearing 
in the relay to cause operation if a sudden change in the voltage 
causes a transient increase in the exciting current. A good 
arrangement, if it is desired not to use induction relays, is to 
shunt the attracted armature relays by light time limit fuses 
and to provide a spring-off switch to short-circuit relay and fuse 
while the transformer is switched in. This arrangement, for a 
three-phase transformer, is shown m Pig, 141, and it has the 
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disadvantage that at the instant of switching in the transformer 
is deprived of protection. 

A difference in phase between primary and secondary cur¬ 
rents of a three-phase transformer arises when the inter¬ 
connection of the three transformer units is different on the 
primary and secondary sides Such a phase difference arises 
when a star connection on one side is a--SvKiate>l with a delta or 
an interconnected star connection on the other. The amount 


Powan transformer 



of this phase difference is 30 degrees ; and the interconnection 
of the protective transformers is so arranged that there is a 
compensating pliase difference between the .secondary currents 
of the tw'O sets of protective tr.aisformets which annuls that 
due to the phase difference of the main currents. Thus, in a 
delta/star power transformer, the protective transformers on 
the primary side are connected in star, and those on the 
secondary side are connected in delta The arrangement is 
shown in Fig. 141. 
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When the interconnections of the primary and SeCOtlds^ty 
windingb of the power transformer are similar, those of the 
protective currents will likewise be the same, but care must be 
taken in choosing the system of interconnection of these pro¬ 
tective transformers if one winding of the power transformer 
forms a circuit for zero phase sequence currents while the other 
forms an open circuit to them. If, in these circumstances, the 
protective transformers are star-connected with a common 
fourth wire return, an unbalanced zero sequence component 
will flow’ in the protective circuit when the pow’er transformer 
carries a zero sequence current due to an earth fault external 
to the transformer. If, how’ever, the protective transformers 
are delta-connected on both primary and secondary sides, the 
zero sequence current is suppressed in the delta and does not 
appear in the protective relays. This point is illustrated in 
Fig. 142, which show’s the currents flowing in both windings of a 
star star pow^r transformer with an earthed secondarj' neutral 
and an earth fault on the secondary side external to the trans¬ 
former. The earth fault current is assumt^d to be lOoA, anrl 
the ratio of the transformer is taken as unity The currents in 
the Merz-Price secondary circuits are also shown, first with a 
star and secondly with a delta connection of the protective 
transformers, a ratio of 100^5 being assumed. It is seen that, 
notwithstanding the powder input to the main transformer is 
equal to its secondary pow’er output, the currents in the 
secondary winding of the protective transformers do not balance 
when thebe transformers are star-connected. With the delta 
connection this unbalance disappears and only an earth fault 
in the secondary windings of the transformer will give rise to 
operation of the protective relays. This discussion indicates 
clearly that w’hen either a primary or secondary star point of a 
pow^’er transformer is earthed, the Merz-Price protective trans¬ 
formers on the side having tht‘ earthed neutral must, in all case^, 
be delta-connected, otherwise operation of the protective relays 
may be caused by an earth fault external to the transformer. 
This point is of great importance and should be clearly grasped 
by the student. 

Another difficulty which arises in the application of the Merz- 
Price system to transformer protection is due to the fact that 
it rarely possible or desirable for the protective transformers 
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on the primary and secondary sides to have equal numbers of 
ampere turns. On the high-pressure side it is generally 
desirable to use bar primary transformers and the ampere turns 
of these transformers will be quite small, while the ampere- 


200/3 A 


'nsuiTiri— I 


1 00/3A 

T0 0/5A 


- 


—-arwiRp- 



{Top) Main Circuii 

{ Middle ) Secondary <_onni-ciion& or Star-connected Protective 

Transformers. 

[BotUm] SECOND\RY Connections of Delta-connected Protective 

Tr VNSFORMERS. 

rihi -pirating theory ot th^ Mor^-Pnce protection of a btar star power trans¬ 
former. 

I'lo. 142 


turns of similar transformers on the secondary side will usually 
be sufficient to give good accuracy characteristics over a wide 
range of currents. The difficulties due to conditions of this 
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kind have been dealt ndth in detail on p. 7g and the most 
important application of the B.T.H. protective circuit there 
described is for the protection of power transformers. 

The final difficulty in the application of the Merz-Price 
system arises with power transformers having tap-changing 
apparatus. It is etident that one set of ratios of the protective 
transformers will suit only one position of the tap-changing 
switch, and that, for other positions of this switch, the ratio of 
the rated currents of the protective transformers will not 
correspond to the ratio of the pow'er transformer, and that there 
will be an out-of-balance current in the protective circuit which 
appears in the relay, and which is the same percentage of the 
secondarv full load current as the percentage deviation of the 
tapping in use from that giving normal ratio. This difficulty 
can be overcome by a tap-changing device varying the ratio of 
one of the se+s of protective transformeis in conformity with 
the variation of the ratio of the power transformer. Such a 
current transformer tap-changing switch would, howet-er, be an 
undesirable complication in a transformer protective circuit, 
and is rarely used. If the variation in the jiowt r traii'-forintr 
ratio by tap-changing is small, the tendency of the out-of¬ 
balance current in the protective circuit to op-rate the relay- 
can be negatived by the use of insciisitu' -itting^. It must, 
however, bt remembered that the out-of-balauce current, beimr 
<lue to incorrectness of transformer ratios, will, unlikt that dui 
to (.xciting current, increase proixirtioiitilly to the load earned 
bv the transform!r, and will trnd to make the protection 
unstabh undf r conditions of short-circuit e.xtern.il to the trans¬ 
former. The Mtrz-Price sv-teni is, thi ufon . inherently unsuit¬ 
able lor transformers with tap-changing aiiparatu-, and the self¬ 
balance system alreadt' described, or the bal.tnci'd earth leakage 
system dealt with hereuiidtr, aie mote suitable. 

Scott-connected traiisfornu i-. ft-r ronvir-ion from three- to 
two-phase can be prot- cted by tin Mer/.-Price system by con¬ 
verting the s(‘Condary current- furnished by three current 
transformer-, on the three-pha«e side to a two-phase -ysiem 
corresponding to that given by the current transformers on the 
tw’o-phase side. The interconnection for thLs conversion has 
been already explained on p. 71 and the complete diagram for a 
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Scott-connected transformer is given in Fig. 143. Alternatively, 
it is possible to convert the two-phase system of secondary 
currents into a three-phase system as shown in the diagram, 
Fig. 144. This method, however, requires one transformer more 
than when a two-phase circulating current system is used, and 
it is rarely used. 

Scott-connected transformers are generally used to convert 
from three-phase to two-phase. Occasionally the reverse trans¬ 
formation from two-phase to three-phase is used, in which case 
a neutral point for earthing can be obtained on the three-phase 
side by a 33 per cent, tap on the teaser transformer. In such a 
case the star connection of the protective transformers on the 
three-phase side would give rise to out-of-balance currents in 
the protective circuit with earth faults external to the trans¬ 
former as described on p. 207. In such a case, therefore, the 
Merz-Price system would be unsuitable, and one of the other 
methods of protection would have to be used. 

The application of the biasing pnnciple to the Merz-Prict 
system for protecting power transformers is exactly the same 
as to generator protection, and the various methods of biasing, 
by beam relays, by double-circuit induction relays, by 
directional relays, or bj’ the use of a biasing transformer, which 
have been ftiUy described are applicable equally to transformer 
protection as to generator protection. 

Balanced Earth Leakage Protection. —This method of 
protecting power transformers is somewhat similar to that 
described on p. 193 for generators and is shown diagram- 
matically in Fig. 145. The primary side of the transformer, 
shown unearthed, is protected by an ordinary leakage relay 
circuit which has been described on p. 56. The secondary side 
of the transformer, the neutral of which is earthed, is protected 
similarly, but an additional current transformer is installed in 
the earthing connection. The ratio of this transformer is 
identical with that of the three transformers in the main 
secondary connections, and the secondary windings of all four 
current transformers are connected in parallel with the pro¬ 
tective relay. Earth faults on the primary windings will 
operate the leakage relay on the primary side. Earth faults on 
the secondary windings will give rise to a current in the earthing 
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connection, but not to a corresponding current in the main 
secondary connections, so that the secondary leakage relay will 
tend to operate. 

A secondary earth fault, external to the povi'er transformer, 
will give rise to equal currents in the earthing connection and 
in one of the main secondarj connections. In these conditions 
the secondary leakage relay will be unaffected, as has been 
explained on p. 57. 



Fig 145 —Earth Llakagl pRorrciioN ior \ 'Ihrll-phase 
Transformer. 


The balanced earth leakage S3't>tem t)i protection is onlv 
compt'tent to deal with earth faults, and not 'with faults between 
phases or between turns. From the point of view of elementarj’ 
theory, the primart' leakage relay should be unaffected by 
current rushes on switch ing-in since it would appear that the 
primary circuit, being unearthed, could carrj’ no residual cur¬ 
rent. Experience has proved, however, that a leakage relay 
in the primary of a large power transformer is liable to be 
operated by hea\y transient currents on switching-in. The 
cause of this anomalous operation is obscure, but oscillograph 
records show that such transient currents have extraordinary' 
wave forms, and it is probablj’ to this that the rela\' instability 
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must be attributed. Due to this instability it is advisable to 
use in the primary circuit a relay with an inverse time charac¬ 
teristic. 

The stability of a leakage relay can also be improved by 
artificially increasing the impedance of the branch of the 
secondary network containing it, by added resistance. This 
will tend to decreast* the relay sensitivity in terms of primary 
fault current, as explained in Chapter III. 

In the event of the primary neutral of the power transform( r 
being earthed, as well as the secondary neutral, then an 
additional current transformer would be provided in the 
primary neutral earthing connection, and the secondary wind¬ 
ing of this transformer would be connected in parallel with those 
of the current transformers in the three main pnmary con¬ 
ductors. 

Three-Winding Transformers. If the tertiary oi <i 
three-winding transformer consists only of a delta winding to 
provide a low-impedance path for the flow c»f earth fault cur¬ 
rents in the secondary, and supplies no oxtiTnal load, no 
modifications are required to the ordinary M(TZ-Price pro¬ 
tective circuit. Th(‘ necessity for th(‘ delta connection of tlh 
protective transformers on both j^rimaT*}^ and secondary side-* 
of a star star transforni(*r has already Ix'cn explained, and this 
necessity applies equally when th(^ power transformer ha^ an 
isolated delta tertiarj^ winding. If, however, powtT is drawn 
from the delta tertiary, the problem of applying the Merz-Price 
method is somewhat difficult, since tho combined output of the 
secondary and the tertiary circuits must b^ combined to balance 
the primary input. In such a cast* the self-balance, or the 
balanced earth leakage methods of pr<»tection, will be preferable 
since, with both of thf‘se methods, the sev<Tal circuits in the 
power transformer are dealt with individually. 

Protection Against Short-Circuited Turns.—The effect 
of short-circuited turns in either the primary or secondary 
winding of a power transformer is to alter the apparent ratio of 
transformation, since the primary ampere turns have to supply, 
not only the secondary ampere turns communicaterl to the 
external circuit, but also those corresponding to ihv current in 
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the bhort-circuited turns. Due to the alteration in ratio effect, 
the Merz-Price protective system 's i.o i in lly responsive to 
faults arising from short-circuited turn-,. The rePy settings 
used with this system are, however, neccs^arilJ■ insensitive and, 
unless the change in ratio due to the short-circuited turns is 
considerable, the resulting oul-of-balance of the currents in the 
protective circuit will bt insufiicient to operate the relay. 
With transformers of normal -lesign the Merz-Price protection 
is the only one availabh against this class of fault. When, 
howiV( r, each winding ot the transformer can be divided int o 
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tw o M cti()ll^, .so disposed on tlic coi e that the mutual inductance 
of tlas(- section'' is small, very ^en-itive protection against 
sliort-circuitcd turns can be obtained by a compari'^ion of the 
(urient'' m the two section^ by mean> of a self-balance current 
transformer, as a fault of this nature w’ill disturb the normal 
equality ot these currents. 

rile connections of a single-phase transformer with a primary 
winding divided into two parallel sections and protected against 
short-circuiti" I turns by the self-balance method are shown in 
Fig. 146. 

Other Methods of Transformer Protection.—The 
Buchholz S5>tem ol transformer protection depends upon the 
lormation of bubbles in the oil of a transformer when a fault 
ocelli'. These bubbles set up currents in the oil which give rise 
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to displacement of a pendulum or float device, the movement of 
which trips the oil circuit-breakers controlling the primary and 
secondary sides of the transformers. The Buchliolz method is 
particularly suitable for transformers fitted with conservator 
tanks, as in this case the pendulum valve is conveniently 
located in the connection between the main and conservator 
tanks and gives a very sensitive response to a fault in its 
incipient stages. 

In another recently developed system of transformer pro¬ 
tection, the relay controlling the input and output circuit- 
breakers is responsive to the change in capacitance of an oil- 
immersed condenser, piped up to the tran-iformer tank, caused 
by the entrapment of gas bubbles set up by an arc in the tank 

WTien transformers are immersed in stmthetic fireproof oil, 
a verj' simple, modem method of automatic protection depends 
upon the formation of a minute trace ot hydrochloric acid b\- 
an arc in the oil. whereby the electrical conductivity of this oil 
is increased. A relay responsive to this conductivity can be 
made to disconnect the transformer imme<h<itelv after the 
occurrence of an internal fault. 

Standby Protection for Transformers.- In addition to 
the various differential methods ol protection described above 
for power transformers, it is advisable and customary to install 
over-current relays on the primary side to opeiate in case of a 
failure of the differential protection. Over-current relays can¬ 
not give discriminating protection, and to avoid their operation 
except in fault conditions, it is advisable that the current settings 
be detennined by the primarj'^ current which would flow with a 
short-circuit on the secondary bus bars. The thermal over¬ 
current capacity of an oil-immer.sed power transformer is 
so great that protection against .prolonged overloads is best 
given by thermal relays when such protection is required. 
When a transformer is under observation, the readings of a dial 
thermometer give the best indication of the manner in which 
the transformer is handling its load, and a high temperature 
alarm device incorporated in the thermometer, indicating when 
the overload capacity of the transformer has been nearly 
exhausted, is more convenient than an overload tripping device 
which disconnects the transformer without warning. 
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Bus-Bar Protection.—If a fault occurs on that portion of a 
main switchgear equipment supplying an isolated area which is 
situated electrically betw'een the protective transformers of 
the generators and those of the outgoing circuits, no relays 
can be affected, other than those responsive to overloading or 
the delivery of negative or zero sequence currents by the 
generators. A fault in the bus-bar zone of a main switchgear 
equipment creates a very serious condition in that it gives rise 
to the possibility of extensive damage and prolonged inter¬ 
ruption of the supply to consumers. 

Notwithstanding that negative sequence protection of 
generators will probably be competent to deal with bus-bar 
faults, some engineers consider that, to avoid even the possi¬ 
bility of the disastrous effect of a dangerous fault, additional 
protective gear should be used which will completely dis¬ 
connect a switchgear equipment from all sources of power. A 
simple method of achieving this result is similar to w’hat heis 
already been described as tank earth protection for transformers. 
The metallic armouring of the switchgear equipment is isolated 
from all ^^tructural steel and, by the use of insulating glands, 
from all cable sheaths. In the conductor whidi earths this 
armouring, is connected a current transformer which energises 
a relay controlling, by the agency of a multi-way contactor, 
all the circuit-breakers of the gear. To avoid accidental shut¬ 
down by accidental operation of this relay, a second relay can 
be inst^ed, so that the two a.c. and the two d.c. circuits are 
each in series. 

This system can be made safer by installing in each circuit 
supplying into, or supplied from, the switchgear a double-wound 
induction relay, the primary of W'hich is energised by the 
residual current of the circuit. The secondary windings of all 
the relays are in series and are energised by the output current 
of the transformer in the earthing connection. No breaker will 
now' be tripped unless it is caiT3ing earth leakage current and 
there is a current, corresponding, which flows irom the metallic 
armouring of the gear to earth. This method of bus-bar pro¬ 
tection avoids accidental shut-down due to a possible rise of 
potential of the switchgear armouring due to causes other than 
insulation breakdown. 

A simpler system, developed by the Metropolitan-Vickers 
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Electrical Co., is illustrated schematically in Fig. 146 A. Here 
are two main relays Rj and Rg which respond respectively to 
currents in the earthing cable of the switchgear framework 
and in tht* cable earthing the neutral of the generators supply¬ 
ing the bus-bar.'-. The trip circuit contacts of the relays are con¬ 
nected in series, and when they both operate, a multi-contact 
relay trips all circuit breakers of the equipment. No circuit- 
breaker can thus bt* tripped unless current appears simul- 
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taneously in the frame earth connec ti(jn and 111 the neiieratoi 
neutral conductor. 

The disadvantage of the foregoing methods of bus-bar pro¬ 
tection lies in the necessity lor the use tjf a multi-contact 
relay. In an alternative method of bus-bar protection, also 
due to the Metropolitan-\'ickers Electrical Co., each breaker is 
tripped by a .special associated relay on the occurrence of a bus¬ 
bar fault. These relays are of the double circuit induction typv. 
Corresponding circuits of all the relays are connected in st'iies 
to a curn nt transformer in the cmiductor which earths the 
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switchgear framework. The other circuits of the relays are each 
connected to an auxiliary current transformer energised by 
secondary residual current in the associated main circuit. The 
ratios of these auxiliary current transformers are so arranged 
thaf the overall ratios of the double transformations in all 
circuits are all equal. The secondary windings of these auxiliary 
current transformers, as well as being connected to the associa- 
ated relays arc all joined in parallel by bus wires. If the sum of 
the incoming residual currents is equal to the sum of those out¬ 
going, the secondary currents of the auxiliary current trans¬ 
formers will circulate in the bus wires and will be diverted from 
the relays, which will be incompetent to operate. If, due to 
a bus-bar fault, the sums of the incoming and outgoing residuals 
are unequal, current will appear in the relay windings which, 
with the current in those windings supplied from the current 
transformer on the earth in conductor, will cause operation of 
the relays and tripping of the breaker.-s. This is a very safe 
system, since no relay operation can occur unless, simultane¬ 
ously with the appearance of current in the eanhing conductor, 
there is an out-of-balance of the n -idual currents entering 
and leaving the bus-bars. 

Notwith-standing the theoretical reliability of the methods of 
bus-bar protection described above, there is an influential body 
of engineering opinion which is opposed to the use of such 
schemes, on the ground that the risk of interruption of supply 
over large areas due to possible improper operation outweighs 
the advantage of protection against the remote contingency of 
I bus-bar fault. Engineers holding tins opinion consider that 
':he final shutting down of the supply on the occurrence of a 
bus-bar fault should be left to the discretion of the control 
engineer. An interesting suggestion has been made that bus-bar 
protective relay st’stems might be used, not actually to shut 
dowm the supply, but to give an alarm and to prepare the trip 
circuits of the oil circuit-breakers so that they will all be 
simultaneous!}' responsive to an emergency push-button control 
manually actuated. An exhaustive discussion on the merits 
and disadvantages of bus-bar protection will be found following 
a paper by F. C. Winfield, entitled “ Fire Precautions in Major 
Electrical Stations.”* 

I* ♦ Journal I.E.E, Vol. 8i, 1037, p. 289. 
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Automatic Protection of Motors and Converting Plant. 

—The differential methods of automatic protection which have 
been described in application to generators and transformers 
are also available for such circuits as three-phase motors and 
converting plant when the machines are star-coimected, by a 
comparison of the magnitudes of the corresponding currents in 
each line at the point of supply and at the star point. In the 
case of circuits which are connected to the supply system at one 
point only, the magnitudes and distribution of the currents in 
the three lines is a certain criterion of the condition of the 
circuit, and simpler methods of protection can be employed than 
in those circuits which can carry currents due to faults external 
to themselves. ^ . ..... 1 

There are four distinct conditions which give rise to abnor¬ 
mal currents in a circuit with one point of connection only to the 
supply. Two of these conditions relating to the electrical 
condition of the circuit, are that of a fault to earth on one line, 
and of a snort-circuit betw'een lines. The third condition is 
that of an excessive demand by the power consuming load. 
These three conditions may be described j-e^pectively as earth 
leakage, short-circuit, and overload. The fourth condition 
arises when one of the supply leads to the machine is acciden¬ 
tally opened. An induction motor w’Ul continue to run in thi^ 
condition, but the current input in the other two lines will be 
nearly doubled. Abnormal operation of this kind is generallt 
called single-phasing. Although this condition can be dealt 
with by a thermal overcurrent relay, it is generally considered 
to be one of urgencj’, calling for rapid disconnection of the 
machine, and protective devices for motors frequently include 
a device responsive to single-phasing. 

The protective circuit for dealing with earth leakage faults 
has already been dealt with in detail. When applied to circuits 
of the kind under discussion, the setting of the leakage relay or 
trip will be as low as consistent with the necessity for stability 
with overload currents, and, in the case of a direct operated 
series trip coil, with the available output of the current trans¬ 
formers The volt-amperes required to operate a series trip 
will be considerably greater than required for a relay, and, as 
showm on p. jO, there will be a value of the actual secondary 
current setting of the trip coil which gives a minimum value 
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of the primary current required to operate it, the volt-ampere 
consumption of this coil being regarded as constant. 

Short-circuit currents in circuits of the kind under discussion 
will usually have a value many times the normal full load 
current of the circuit. In the case, for example, of a trans¬ 
former supplying a synchronous converter or a rectifier, a short- 
circuit at the low voltage terminals '.rill, for a reactance value of 
15 per cent., set up a current seven times the rated full load 
value. Short-circuit currents will, therefore, be excessive in 
magnitude and protective relays to deal satisfactorily with such 
faults should properly have high curicnt settings with short 
time-lags. 

Overloads are not due to any abnormal condition of the 
circuit, and the excessive currents to which they give rise can 
safely be carried so long as no undue heating takes place in the 
circuit. The type of protective device inherently required for 
protection against overloads is one with an inverse time 
characteristic, ^^^len a machine is under constant skilled 
supervision there is much to be said for the omission from the 
protective scheme of any de\’ice for dealing with overloads, and 
for reliance on the observation of the switchman, or on the 
indications of a temperature alarm, so that the machine can 
remain in service till its overload capacity is exhausted. WTien 
a machine operates without skilled supervision, means for 
dealing automatically with overloacb are necessary, and the 
be.st relaj' for this duty is the thermal typo, described on p. 125. 
To afford adequate protection the current sotting of a thermal 
: relay should not exceed I'l times the current corresponding to 
''the rated full load of the motor. In the case of induction 
macliines, expi rience has shown that a thermal niay will inter¬ 
rupt the .supply in tin' event of the machine stalling, before 
excessive heating occurs. 

An even simpler method of dealing automatically with over¬ 
loads is by mean^ of a thonnal tripping devict' incorporated in 
the motor itself and responsive to the temperature of the wind- 
ijig.s. With such a device, the thermal capacity of the motor is 
Used to the utmost before the supplj' is disconnected. Self- 
contained thermal trips are however not generally deemed to 
be suitable for the protection of a machine against failure to 
start, and when there fs any possibility of the supply being 
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switched on and such a failure to be overlooked, the provision 
of a thermal relay in addition to a self-contained thermal 
tripping device is considered good practice. 

The simplest device for interrupting the supply to a three- 
phase motor in the event of one line being opened, is a com¬ 
bination of three under-current relays controlling the contactor 
or starting switch. If the current in any line fails, the corres¬ 
ponding under-currtmt relay element operates and opens th(* 
contactor or short-circuits the no-volt release of a hand- 
operated starter. 

Short-circuit faults in a motor or its supply leads inevitably 
cause an unbalanced current to be drawn from the mains. 
A rela}" responsive to negative sequence currents will therefore 
deal with short-circuits. A negative sequence current also 
appears when a supply lead is opened and the machine run^ 
single phase. Protection for both short-circuit and singh^- 
phasing conditions can therefore be obtained by a negative 
sequence relay, and, as such a relay i*- unaffected by balanced 
loads, its current setting may safely be made fairly sensitive 
and its action rapid. Negative sequence relay-' have already 
been dealt with in Chapter and it wa^ there explained that a 
relay used in conjunction with a ik twork connected to threi 
current transformers in a three-phast‘ circuit will be n^sponsive 
both to negative and zero sequ(*nce curn*nts, and will therefore, 
when Used in a motor circuit, deal with earth l(^akag(‘, short- 
circuit, and single-phasing conditions. A ru^gative s(‘quenc(* 
relay energised by two line currents only Mill not give certain 
response to earth leakage currents, but as explainc^d on p. 178 
the electromagnet of such a relay can be provided with an 
additional winding carrying the* residual current of the circuit, 
when it will respond to all possible abnormal conditions in a 
motor circuit, but that of nverload. A negative sequence relay 
is therefore a vert’ compact and convenient device for the 
protection of large motors. 

An electromagnetic device, known as a stalling relay, has been 
developed by the Metropolitan-\"ickers Electrical Co., whereby 
a three-phase motor is disconnected from the supply by a 
sustained over-current after the lap^e of a definite time-lag. 
This relay consists of a vertical spindle Ferraris motor with the 
rotor normally below the position of electrical symmetry. With 
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normal loads, the rotor stays in this position and is out of gear 
with the trip circuit switch. When the current reaches a 
stipulated value, the rotor is raised by magnetic attraction and 
it engages with the trip gear so that, after the lapse of a time- 
lag corresponding to the adj’”,table setting, the motor is dis¬ 
connected from the supply. The rotor speed attains a limiting 
value for currents slightly in excess of full load, so that the 
actual operating time of the relay is practically independent of 
the magnitude of the overload. The time-lag is adjustable be¬ 
tween 0-90 seconds. If this time-lag is set to correspond to the 
time during which the motor can carry the stalling current, 
very reliable protection will be obtained for motors which are 
liable to excessive overloads which may be equal to the pull¬ 
out torque of the machine. 


Automatic Protection of Mercury Arc Rectifiers.-- 

The protective arrangements for mercury arc rectifiers are 
generally similar to those for rotary converting plant, and 
include over-current and leakage protection on the supply side 
of the rectifier transformer. On the direct current .side, a high 
"peed reverse current-breaker is connected between the rectifier 
and the bus-bars. To ensure rapid disconnection of the rectifier 
m the abnormal condition ot back-firing which, electrically, 
1^ equivalent to an internal short-circuit, the oil circuit-breaker 
lontrolling the .supply to the transformer is often interlocked 
‘lectrically to the reverse current-breaker on the output side, 
'O that any feed-back from the direct current bus-bars into the 
lectifier completely disconnects the whole equipment. Alter¬ 
natively, three instantaneous relays with a very high current 
setting may be used for this purpose, additional to the ordinary 
over-current relays. 

It may be mentioned that the principle of negative sequence 
jirotection is hardly likely to find application in the control of 
rectifier plant due to the distorted wave fonn of the current 
input to the transformer. The efficacy of negative sequence 
networks is dependent upon the wave forms of the three-phase 
line currents ^ing very approximately sinusoidal, -since the 
electrical constants of these networks are suited to the funda¬ 
mental frequency and would be incorrect for harmonics. 
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Combined Earth Leakage and Short-Circuit Protection. 
—We have already described on p. 59 the Z connection of the 
secondary windings of current transformers in a three-phase 
circuit, whereby protection against excessive currents in any 
one of the three lines can be obtained by means of t\\ o relays 
or trip coils. When sensitive response to earth faults is lequired, 
two over-current and one leakage relay are normally required. 
The simple schemes now to be described show how, by the use 
of time-limit fuses, complete over-current and sensitive leakage 
protection can be obtained with less than this normal number of 
relays whereby, by the use of time-limit fuses, complete protec¬ 
tion against earth leakage or short-circuit faults can be obtained 
with one relay or trip coil only 


S C 
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The first of these scheme'* is illustrated by the diagiam of 
connections shown in Fig. 147. Htn the secondaiy 
circuits of the three current transformers are connected in a 
modified star formation, and the leakage lelay LR has in series 
with it a resistance R. In this circuit it is evident that earth 
leakage faults are dealt with by the leakage relay. Short- 
circuits between lines A and C or B and C will result in one of 
the fuses or Fj being melted, so that the current from the 
transformer in line C passes into the leakage relay. If the 
short-circuit is between lines A and B the fuse Fg will first be 
melted, and the current from the transformer in line B will pass 
through the fuse Fj into the leakage relay. If this relay is of 
the instantaneous type it will at once operate, and this will be 
ensured by the limitation of the current by the resistance R and 
by the time-lag of the fuse F^. This scheme, therefore, gives 
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protection by means of a single relay, against both earth and 
short-circuit faults. 

An alternative arrangement shown, in Fig. 148, is one in which 
complete over-current and earth leakage protection is obtained 
by the use of two trip coiL v’*th time-limit fu‘^es. It is evident 
that leakage currents pass directly into the leakage trip. A 
short-circuit between lines A and B, or A and C, will *nelt the 
fuse Fj and current from tran.sforrar'r A will operate the leakage 
trip. A short-circuit between lines B and C will r.xelt the fuse 
F2, and the current will be diverted into the over-current trip. 
This arrangement has the merit, as compared with that shown 



Fig. 148. —Over-current and Leakage Protection. 


in Fig. I-J7, that in no conditions can the secondary of a current 
trau'-former become open circuited. Thus if fuse F^ melts, due 
to a sliort-circuit between lines A and B, the -econdary circuit 
of trau'-fornier B is closed through that of transformer C. 

.Although this is a high impedance circuit, it will serve to 
prevent the inordinate pressure-rise w’hich is liable to occur 
with an open circuit. 

AiiothtT simplified short-circuit and (*arth-leakage protec¬ 
tive schc^me, u^iug oik* relay element only i^ shown in Fig. 148(a). 
Here the tw'o current transformers are of different ratio from the 
third, the two ol similar ratio are cross-connected, or joined in 
stTies, and thi^ combination is in parallel with the third having 
the high(T ratio. The* single relay element connected as for 
leakage protection will carry current in all conditions of load¬ 
ing, w^hether balanced, short-circuit betwKHui lines, or short- 
circuit to earth, although of course, the relay current per 
ampere of load will depend not only on its nature, but on con- 
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clitions of unbalance, and on the line or lines that carry tlu' 
.short-circuit current. When the load supply is balanced, and tht' 
low-ratio transformers are carrying their rated full-load current, 



it is t asy to see that the relay current is uiidir lo amperes, so that 
with a setting greater than this, the relay w ill respond to any kind 
of fault, while bi'intr unahected by nonual loading. A relay or 
trip-coil connected in this way may of course be shunted by a 
time-limit fuse. 




Chapter VII 


THE PROTECTION OF GABLES AND 
TRANSMISSION LINES 

In modem high-pressure systems for the transmission and 
distribution of electric power, the object of the design of the 
network is to ensure that, as far as possible, each sub-station or 
transforming centre is supplied bj’ at least two lines or cables, 
so that, in the event of a section of the network between two 
sub-stations becoming faulty, the supply to each of these sub¬ 
stations can be maintained. An efficient system of automatic 
protection must, therefore, be competent to disconnect a faulty 
section at each of the sub-stations at which it terminates, 
without the controlling breakers of any other section of the 
network being affected. We have already reviewed in Chapter 
I the evolution of protective gear which possesses this property 
of discriminating action, and we have .seen that the various 
'types of gear for network protection can be classified under the 
follo\\ing four heads: 

(1) Graded Time-Lag Systems. 

(2) Differential Sj'stems. 

13) Systems Employing Special Cables, 

(4) Distance Systems. 

In addition to these four major classes of protective gear 
there is a fifth class which has yet to find commercial application. 
This will be referred to in due course. 

We now proceed to consider, in detail, these various types of 
network protective gear. 

Graded Time-Lag Systems.—The essential characteristic 
of systems of this class is the use of directional relays, responsive 
either to excess currents or to earth leakage currents in a 
specified direction, having an inherent time-lag the minimum 
value of which is adjusted to suit the location of the relay in the 
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network. The principle according to which the time-lags are 
graded \vill be best understood by a consideration of one or two 
applications of the system. The simplest example is that of a 
sub-station fed from a power-station by duplicate feeders, as 
sho^vn in Fig. 149. The positions at which relays are installed 
are shown as circles, the arrow indicating the power direction to 
which each relay assembly is responsive, and the figure within 
the circle indicating the minimum time-lag of the relays. The 
unit in which time-lags are specified is that within which a 
circuit-breaker can be opened by relay operation plus a small 
margin for contingencies. The minimum value of this unit 
which can safely be adopted depends upon the type and age of 
the switchgear. 0*5 second is a unit time interval which would 
be ample for most suatchgear equipments ; for modem gear, an 
interval of one-third second might be considered as a safe 
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minimum. In the case represented in Fig. 149, the relays at the 
power-station are non-directional, since the direction of power 
flow in these relays is invariable. This applies to the power- 
station relays for all graded time-lag systems. The relays at 
the sub-station end of the parallel feeders are directional, and 
respond to a power flow away from the sub-station. These 
relays are nominally instantaneous. A fault on either feeder 
will nominally result in an excess cuneiit in both of them, but 
as the fault current supplied by the non-laulty feeder passes to 
the fault in a direction contrary to that of the normal power 
flow, the directional relays on the faulty feeder at the sub¬ 
station end will trip the associated breaker before the com¬ 
pletion of the time-lag of the relays of the non-faulty feeder at 
the power-station. The faulty feeder will be finally isolated at 
the power-station after the expiration of the time-lag of the 
relays on this feeder. If the relays are responsive to excess 
currents it may happen that the fault is so close to the power- 
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station that the current fed into it by the non-faulty feeder is 
not sufficient to cause a net reversal of power in the faulty 
feeder at the sub-station end. In such a case the time-lag of 
the power-station relays of *the non-faulty feeder will be greater 
than the minimum value, if t\ese relays are of the inverse time- 
lag type. The faulty feeder will then be fir'^t isolated at the power- 
station end, when the requii ed reversal oi the sub-statioi end will 
take place and the final isolation o^ the feeder v/iJ! immediately 
occur. If the relays are responsive to leakage ci ^.rents, those 
at the power-station should be of the inverse-time pattern if the 
directional elements of the 5>ub-'-tation relays are responsive to 
power flow as, in this cas- aKo, failure of the power flow through 
the fault}" feeder to rcver'-t at the sub-station end may result 
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in both feeders being tupped unless the operation of the non- 
faulty feeder relays is restrained bv an increase in the time- 
lag. If the directional relays are eneigised bv a residual 
voltage, and are le^-ponsive to a reversal of leakage current, the 
operating of the relaj’S will be correct, whatever may be the 
position of the fault, provided the cm lent setting of the sub¬ 
station relays is less than that of the relays at the power- 
station. 

We shall see shortly that duplicate feeders can be piotected 
more satisfactoiily by a dilierential method, but we have 
considered the method illustrated in Fig. 149 somew'hat fully as 
this is an elementary example of the graded time-lag system. 

A more complicated example of this S3'stem is showm in 
Fig. 150, which shows three sub-stations fed from a power-station 
by a ring main. It will be seen that, proceeding round the ring 
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in any direction, the time-lags of the relays responsive to power 
in this direction successively diminish, till the relay at the sub¬ 
station end of the other feed from the power-station is reached, 
when the time-lag becomes zero. A relay system arranged on 
this plan will isolate a faulty section before the expiration of the 
time-lags of the relays controlling the other sections. Thus, 
with a fault on the section BC, as shown in the diagram, power 
will feed into the fault from both directions. The only relays 
responsive to the power flow’ in the direction CB are that at the 
power-station with a minimum time-lag of three units, and that 
controlling the faulty section at C with a time-lag of two units. 
The section will thus be isolated at C before the breaker on the 
feeder to C is tripped at the power-station. Similarly, the 
relay controlling the faulty section at B will operate before any 
of the other relays responsive to pow’er flow via A and B. As 
with the simpler system, show’n in Fig. 149, the correct operation 
of the relays depends upon the magnitude of the fault current 
being sufficient to bring about a net reversal of pow’er when the 
direction of the fault current is opposite to that of the load 
current. If the directional relays are of the leakage type 
energised by residual voltages, correct operation wdll be 
independent of the relative magnitudes of fault and load 
currents flowing in opposite directions. 

A system in which the interconnection is a little more complex 
is shown in Fig. 151. Here, in addition to a ring main, we have a 
direct interconnector between sub-.stations A and D. If a fault 
occur on the section CD near D, power will flow’ to the fault 
through the direct interconnector AD as w’ell as through sub¬ 
stations B and C. The relay at A controlling the direct inter¬ 
connector AD may therefore trip the associated breaker, so that 
this interconnector is opened at one end in addition to the faulty 
section. Similarly it tvill be found that a fault on the direct 
interconnector AD near D may result in the breaker controlling 
the section CD at C being tripped. It will be observed that 
continuity of supply to all sub-stations is maintained. 

The graded time lag system gives reasonably satisfactory 
protection for small networks in which the interconnection is 
not very intricate. The number of stages of time-lags required 
depends upon the number of sections of the network. As the 
greatest time-lag is required in the power-station relays, faults 
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nearest the power-station remain on the system the longest. It 
is this circumstance which limits the sphere of application of 
the graded time-lag system, as more than three, stages of time- 
lags will retain a fault on the system for a period of time exceed¬ 
ing the safe limit of one second. 

As was explained on page 139, the difference in the times of 
operation of induction relays carrying the same current 
depends not only on the minimum time setting, but also to 
some extent upon the pick-up current expresse^^ as a percen¬ 
tage of the full-load current of the associated current trans- 
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former. Tlu effective tiine-lafi grading can therefore be im¬ 
proved by a cart'ful con'>ideration of the valuer of the pick-ui) 
current valuer, when induction relax.-' are used foi the protec¬ 
tion of a network like that of Fig. 151. detailed consideration 
of this matter in reference to a specific network is given in a 
paper by Gallop and Bousfield to which reference is made in the 
appendix to this book. 

When the network is formed of underground cables, the use 
of leakage relays with graded time-lags is justified by the fact 
that the majority of cable faults are due, at any rate, in their 
initial stages, to earth leakage. The use of directional leakage 
relays is generally desirable, as sensitive settings can be used. 
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and the directional response is independent of the load currents. 
To guard against failure of the protective system in the event 
of a direct short-circuit, over-current relays should be installed 
in addition to the leakage relays. The settings of the stand-by 
over-current relays should correspond to the short-circuit 
currents at the points at which thej' are installed. It is 
preferable to prevent improper operation with the restricted 
currents due to earth leakage by adopting high current settings 
rather than by long time-lags. 

With overhead lines the possibility of direct short-circuits is 
very much greater than with underground cables, as the use of 
over-current directional relates is almost essential. 

Consideration must now be given to the matter of the correct 
connection of directional relays in three-phase circuits. An 
over-current directional relay assembly comprises three over- 
current elements and three wattmeter elements, and to give 
correct response for ordinary loading, when the voltage system 
is symmetrical, the voltage circuits of the directional relays 
would be connected in star. Provided the impedances of these 
three voltage circuits are identical, the potential of the star 
point will be graphically represented by the centroid of the 
triangle of the vectors of line voltages, and the current and 
voltage in the relays will be in phase, when the circuit power 
factor is unity. If a short-circuit occurs near the position 
where a directional relay assembly so connected is installed, the 
triangle of the voltage vectors will alter considerably in form 
due to the extinction of the voltage between the short-circuited 
lines. The conditions will be as shown in the vector diagram. 
Fig. 152, in which a short-circuit between lines B and C is indi¬ 
cated. The vectors of the voltages on the relays carrying the 
fault current are OB and OC, O being the centroid of the triangle. 
The fault current I lags on the line voltage BC. It is seen from 
the diagram that the relative directions of current and voltage 
in B and C phase relays are different. If the response of B 
phase relay is correct, that of C phase relay will be WTong. 
Thus the breaker controlled by the relay assembly will be 
tripped whatever is the direction of the flow of short-circuit 
power, and the discriminating feature of the protective system 
will be lost. The usual method of connecting the voltage 
circuits of directional relays is as shown in Fig. 153, in which 
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instrument transformers are omitted. The vector diagram 
shows the association of currents and voltages for a symmetrical 
load of unity power factor. It is seen that in this condition, 
the currents in the relays lead the associated voltages by 30 



Fig 152 —Vector Diagram of Three-phase Voltages 
wnn Si\Gi >-p'i\ 5 E Short Circuit. 

degrees. For this reason the scheme illustrated is often known 
as the 30-degree connection. Referring again to Fig. 152, we see 
that, with the 30-degree connection, the short-circuit current in 
C phase relay is associated with the voltage BC and that in 
B phase relay with the voltage AC. The relative directions of 
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current and voltage in the two relays is now the same, and 
correct directional responsive is obtained. 

Alternative methods of connecting the voltage circuits of 
directional relays have been proposed. In one of these each 
relay is energised by a voltage in quadrature mth the current 
in it with unity power factor, and this phase displacement of 
current and voltage is corrected bj' internal compensation of the 
relay. Returning again to Fig. 153, relay B would in bhort-circuit 
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conditions be energised by the voltage V( and u la\ C bv the 
voltage AB As these voltages art in appioximate phase 
quadrature with the short-ditiiit turrent the directional 
response will be torrect. 

It will be readily understood that should one of the luses 
tail on the high-pressure side of a \oltage transfoinier supplv 
mg .1 set of 3 directional lelats, the phases of the voltage- 
on the relajs will be so modified that their action will be 
uncertain m short-circuit conditions If instruments aie not 
provided whereby the secondarv v oltages applied to the relav s 
can be kept under constant obseivation pilot lamps -hould 
be installed to enable this to be done 

Differential Protective Gear for Parallel Feeders.— 
Ihe protection of paiallel feedtrs bv giadtd time lag lelavs 
has already been dealt with and it has been pointed out that 
the correct operation of the relays with this system depend- 
upon the fault current- being greater m magnitude than tlu 
•load currents Difterential systems of piotection for piralkl 
feeders and mterconnectois depend for their correct action 
upon the fact that m such line- the currents alwajs bear a 
constant ratio depending upon the ratio of the impidance- 
except when one of the line- bteoinc- faultv It i- a -imple 
matter to arrange the i itios of the piotectivc cunent tian— 
formers so that, m noinial condition- the -ccondaiv cunent- 
corresponding to each line are the same I ault conditions will 
then be mdicated b> an algebraic difference between the 
magnitudes of the secondary currents corresponding to the same 
phase of the parallel feedeis Apait fiom secondarv con 
siderations arising out of depat ture of the ratio of the protectiw 
transformers from then nominal values load currents can be 
neglected m a prelimmaiv consideration of this class of pro¬ 
tection, and the behaviour of the relays can be studied b> 
assummg that the onlv cunents flowing m the protected lines 
are those elue to faults 

In Fig 154 faj w e have represented diagrammatically a pair ol 
parallel feeders between a powei station and a sub-station and 
on one of these feeders is a fault quite close to the power-station 
It IS easily seen that the greater part of the fault current 
traverses the faulty feeder A small fraction of this fault 
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nirrent passes through the non-faulty feeder, through the sub¬ 
station bus bars, and back into the fault. If we assume that 
the 001161115 at ttve sv\h-s,tat\o'o en^ are so smtih as tohemeom- 
petent to operate the relays, the only efiective difference in the 
currents in the two feeders ’ ill be at the power-station end, 
and this difference can be made to operate a relay which will 
disconnect the faulty feeder. The conditions are now a . shown 
in Fig. 154 (b). The whole of the fault current now passes 
through the non-faulty feeder, through the sub-station bus 
bars and back to the fault. We first notice that, unless special 
arrangements are made to prevent it, the non-faulty feeder will 
tend to be tripped at the power-station end, since this feeder 
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Fig. 154. —Distribt^tion of Fault Current in Parallel Feeders with 
A Fauit near the Sending End. 


now carries the greater current. This can, however, be pre¬ 
vented by an auxiliary switch, actuated by each oil circuit- 
breaker, and so connected that when the breaker of one feeder 
trips, the protective relays associated with the other feeder are 
short-circuited. Correct discriminating action of the pro¬ 
tective gear at the power-station end of the feeders can thus be 
obtained by a relay or combination of relays arranged to 
disconnect the feeder which carries the larger current. Con¬ 
sidering the sub-station end of the feeders after the tripping of 
the power-station circuit-breaker, we see that at this end the 
feeders carry the same current, so that the magnitudes of the 
currents in the secondary windings of the protective trans¬ 
formers will be identical, if the ratios of these transformers are 
unlike. A system of relays responsive to a mere arithmetical 
difference in line currents will be incompetent in this situation 
to detect fault conditions, and the relays must, therefore, be of 
o 
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the directional pattern, so that the direction of the difference 
current circulating in the relays is compared with the invariable 
standard of direction given by the voltage at the sub-station. 
A system of relays correctly connected can be made to discon¬ 
nect the faulty feeder. This feeder is then completely isolated 
and the load current is carried by the remaining feeder. As 
the differential protection at the power-station end has been 
short-circuited by the operation of the auxiliary switches 
referred to, over-current relays must be provided at the power- 
station end of each feeder to give stand-by protection. There 
will be no need for stand-by protection at the sub-station end, 
for the directional relays at this end will only operate with a 
reversal of the normal power flow when one feeder only is in 



Fig. 155.—^Distribution of Fault Current in Parailll Illulrs wnu 
A Fault near the Receivinc, End • 

service, and such a power reversal is indicative of a fault on 
this feeder. 

In Fig. 155 (a^ we have represented the conditions when the 
fault is quite close to the sub-stations. It is seen that, in these 
conditions, the currents in the feeders at the power-station end 
are approximately equal. The conditions at the sub-station 
end of the feeders are, however, such as to operate the pro¬ 
tective relays. The faulty feeder will be tripped at the sub¬ 
station, and the conditions will then be as shown in Fig. 155 (b). 
There is now no fault current in the non-faulty feeder. The 
faulty feeder is, therefore, at once tripped and the second feeder 
carries the sub-station load. 

We see, therefore, that for the protection of parallel feeders, 
between a power-station and a sub-station, and in which the 
direction of power flow is invariable from the power-station, 
the relays for a differential method of protection need only be 
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responsive to an arithmetical current difference at the power- 
station end, and that no voltage windings are called for in these 
relays. At the sub-station end the relays must be of the 
directional type. 

The requirements for a 3t of parallel intercoimectors are 
different from those of parallel feeders, as the normal directions 
of power flow is not invariable. The itlays at each md must 
be of the directional type wi+h v'lltage windings. Further, if 
one of a pair of parallel interconnectors is discoii.iected by the 
protective gear, the relays will, without special arrangements, 
be responsive to a power flow a^vay from the sub-station in the 
remaining non-faulty line. The differential relays in this case, 
therefore, cannot, as in the case of parallel feeders, be used to 
give stand-by piotection. These relays must be short-circuited 
automatically by the tripping of the breaker controlling the 
faulty feeder, and stand-by protection must be obtained by 
over-current relays with high settings. 

The problem of designing an automatic protective system 
for three or more parallel feeders differs somewhat from that 
applicable to two feeders only, and discriminating protection 
can, in this case, be obtained at the sub-station end without 
the use of relays with voltage coils. A complete protective 
system for three or more parallel feeders should, however, be 
so arranged that if one of these feeders is switched out by the 
protective relay, the circuit is automatically adjusted to pro¬ 
vide discriminating protection for the feeders remaining in 
service. 

A simple type of difierential relay for parallel feeder protec¬ 
tion at the pow'er-station consists of two over-current induction 
elements arranged to communicate opposing torques to a 
pivoted disc. Two sets of trip circuit contacts are provided, 
either of which can be closed by revolution of the disc from its 
normal position. The two over-current elements are energised 
by current transformers in the two feeders to be protected, and 
it is evident that movement of the rotor from its neutral position 
will only occur when the currents carried by the two feeders 
become unequal, due to the incidence of a fault. The direction 
of movement of the disc will, moreover, depend upon which 
feeder carries the heavier current. Such a relay can, therefore, 
be arranged to select the faulty one of two feeders. 
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The same result can be obtained by means of a single induc¬ 
tion element with two distinct primary circuits. On one of 
the electro-magnets of the induction elements the two windings 
combine, while on the other magnet they are in opposition. A 
phase difference between the flux set up in the upper magnet, 
and that set up by a difference between the two currents in 
the windings on the lower magnet, is obtained in the usual way 
by a secondary winding, on the upper magnet, closed through a 
resistance. The flux in the lower magnet due to an excess 
current in one feeder will evidently be opposite in direction to 
that set up by an excess current in the other feeder. The 
direction of movement of the disc thus depends upon which 
of the two feeders carries the greater currents. The relay is 
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thus able to select the faulty feeder. Relays constructed o.i 
the lines described are not biased, and are liable to operate with 
equal short-circuit currents in the two feeders due to a fault 
external to them if, due to imperfections of the protective 
current transformers, the secondary currents diverge from exact 
equality in these abnormal conditions. 

An application of the beam type of relay to the protection of 
three parallel feeders is shown in the diagram Fig. 156. Normally 
equal secondary currents from the protective transformer® 
circulate in the coils of the relays, and these relays are restrained 
from operating even should these currents become slightly 
unequal when the feeders are carrying equal short-circuit 
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currents, by the method of mechanical biasing described on 
p. 166. If, due to a fault on one of the feeders, this feeder 
carries an excess current, the corresponding excess current 
will pass into the cross-connections between the relay windings 
as shown. This excess curre -t tends to operate the relay con- 




Fig. 157.—A Beam Relay with Double Biasing. 

trolling the faulty feeder, and restrains the relays on the non- 
faulty feeders. The auxiliary switches shown in the diagram 
are operated by the main oil circuit-breakers, so that, when a 
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feeder is tripped, discriminating protection is provided for the 
other feeders. 

An even simpler application of the beam type of relay is 
shown diagrammatically in Fig. 158. Here a single relay controls 
the tw'O feeders, the direction of the deflection of the beam 
depending upon w'hich feeder carries the heavier current. It 
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will be seen that the beam rests on two pivots, and the effect 
of this construction is automatically to give a mechanical bias, 
which restrains operation of the relay to trip either feeder. 

The application of the biasing transformer to parallel feeder 
protection is sliowTi in the diagram Fig. 10. The restraining 
windings of the biasing transformers form with the secondary 
windings of the protective current transformers a simple cir¬ 
culating current system, while the operating windings of the 
biasing transformers are connected in series to the circulating 
current system in such a way that, with equal secondary 
currents delivered by the protective currents, no current passes 
into these operating windings. If one feeder, due to a fault, 
carries an excess current, this excess current, referred to the 
secondary circuit of the protective transformers, passes into 
the operating windings of both biasing transformer elements 
These biasing transformers are so designed that in order that 
the current delivered to the relay may reach the sotting value 
for operation, the current in the operating winding must exceed 
that in the restraining winding. It will be seen from the 
diagram that the restraining current of the biasing transformer 
associated with the non-faulty feeder is never less than the 
operating current. The current delivered to the relay con¬ 
nected to this transformer is, therefore, always restrained from 
reaching the setting value, however great the value of the 
current in the operating winding may be. In the biasing ti .ins- 
former associated with the faulty feeder a sufficiently high value 
of the fault current will result in the current in the operating 
winding exceeding that in the restraining winding, so that the 
relay connected to this transformer will trip the feeder. 

Figs. 159 and 160 show how the biasing transformer can be 
used to obtain differential earth leakage and differential short- 
circuit protection of a pair of parallel feeders by the use of tw’O 
relays for each feeder onl}'. Fig. 159 gives the connections for 
the short-circuit relays, and it will be seen that the biasing 
transformer differential circuit is energised from the secondary 
of a summation transformer connected to the secondary wind¬ 
ings of the main protective transformers. The relays connected 
to the biasing transformers will, therefore, be responsive to a 
difference in the short-circuit currents in the two feeders 
between either pair of lines. Fig. 160 shows the connections for 
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the earth leakage relays. Here the biasing transformers carry 
the residual currents derived from the main protective trans¬ 
formers, and the earth leakage relays are responsive to a differ¬ 
ence in the earth leakage currents in the two feeders. The 
advantage of this system, whereby separate relays are used 
which respond respectively to short-circuit and earth leakage 
differences, is that high settings can be used with the short- 
circuit relays, the sensitive protection being given by the earth 
leakage relays. Usual values for the fault current settings with 
this arrangement are twice rated full load current for the short- 
circuit relays, and 40 per cent, of rated full load current for the 
earth leakage relays. Although it is usual, with this system, to 
provide auxiliary switches to short-circuit the relays of a feeder 
left on load when the other is switched out, it is evident that 
these switches are not so necessary as wiien relays responsive 
only to line currents are used. If, with the biasing transformer 
system, one feeder is switched out by relay or b)’ hand, the load 
current in the remaining feeder is not likely to exceed twice 
the rated current of the protective transformers, so that, even 
were auxiliary switches not provided, there would be small 
risk of the second feeder being tripped by the short-circuit 
relay. There will evidently be no risk of an improper trip 
being caused by the operation of an earth leakage relay if one 
feeder be switched out by hand, as, in normal circumstances, 
there will be no residual current in the biasing transformer 
circuit. If, how'ever, one feeder is switched out by relay, due 
to an earth fault, current into this fault will be carried by the 
non-faulty feeder till the protective apparatus at the sub-station 
operates. Auxiliary switches will be necessaiy, therefore, to 
prevent improper tripping of the non-faulty feeder due to this 
cause. 

The rudimentary diagram of connections for the protection 
of parallel feeders at the sub-station end is shown in Fig. 161 for 
one phase only. Here the secondary windings of the protective 
current transformers and the current coils of the wattmeter 
relays are connected in the usual way for differential protection. 
The directions of the difference current in the current coils of 
the relays are seen to be opposed. If due to a fault on one of 
the feeders, this feeder carries a smaller current than does the 
other, the excess current from the non-fault feeder current 
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transformer passes into the current coils of the directional 
relays. In one of these relays it is seen that the relative direc¬ 
tions of current and voltage tend to operation, while in the 
other relay, the torque will be such as to prevent operation. 
The relays can, therefore, b so arranged that the feeder ceiriying 
the smaller current is tripped. It is a ‘■imple matter to provide 
a bias for wattmeter relays used in this way by an additional 
element, energised by the current in the main secondary circuit, 
which produces a torque of unvarying direction tending to 
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prevent operation of the relay. The current in the wattmeter 
clement current coil required for operation Mill then depend 
upon the magnitude of the main secondarj’ current, and 
improper operation of the relays due to inaccuracies of the 
current transfornieis when carrying equal short-circuit currents 
will be prevented. 

When one of the feeders is tripped by directional relay, the 
feeder remaining on load will evidently energise its associated 
relay in such a way as to prevent operation. No auxiliary 
-witches are, therefore, required for the system shown in Fig. 
161. The only condition in which the relay associated with a 
single feeder can operate is a reversal of the current in this 
feeder, and such a reversal is, of course, indicative of fault 
conditions. 

The circuit shown in Fig. i6i is designed, not only to give 
discriminating protection for the two feeders, but also short- 
circuit protection against bus bar faults by the over-current relay 
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O.R. This relay, it will be seen, is connected to the whole of 
the winding of an auto transformer, while the connection to the 
differential relays is made to the mid point of this transformer. 
When both feeders carry equal currents the current in O.R. 
will be that delivered by the secondary windings of the cmrent 
transformers. If one feeder only is carrying load, O.R. then 
carries only one-half of the secondary current. The current in 
O.R. thus corresponds, in all conditions, to the total current 
delivered by the two feeders to the sub-station. 

Parallel interconnectors can normally transmit power in 
either direction, and in this respect they differ from feeders in 
which the direction of power flow is alw'ays from the power- 
station to the sub-station. Not only, therefore, do parallel 
interconnectors require differentied directional relays at each 
end, but, if one of the interconnectors is tripped, the relays 
associated with the remaining interconnector may be tripped by 
normal load transfer. Auxiliary switches must, therefore, be 
provided to short-circuit the differential relays for parallel 
interconnectors if one of these is tripped, either automatically 
or by hand. A study of Fig. i6i will make it clear that, if such 
a protective circuit is provided for a parallel interconnector at 
the end which is delivering power from the sub-station bus 
bars, the protective relays will select and trip the interconnector 
which is carrying the larger current. Generally, this circuit 
selects for tripping, the interconnector carrying the larger 
current from the bus bars of the sub-station with which it is 
associated. 

In Fig. 162 is shown a circuit for the differential protection 
of three parallel feeders or interconnectors. In this case it will 
be seen that the directional relays are energised by current 
only. In the case of one feeder or interconnector being tripped, 
the circuit would not afford differential protection for the two 
feeders remaining on load. 

In the differential systems described above, tripping of a 
faulty feeder does not require that, at the sub-station end of this 
feeder, the direction of power flow is actually reversed, and this 
feature is obtained by interconnecting the secondary windings 
of the protective current transformers. Relays for parallel 
feeder protection are available which do not call for this inter¬ 
connection of the current transformers. In one such type of 



THE PROTECTION OF CABLES AND TRANSMISSION LINES 243 

relay, available for the protection of any number of parallel 
feeders, the secondary current of an induction over-current 
passes through two windings in opposition on the lower electro¬ 
magnet, to a pair of bus wires. A directional element short- 
circuits one of these oppc ed windings when the direction of 
power is into the feeder. The voltages induced in all the 
secondary windings of the relays of a set of para lel feeders 
are in opposition and, wit^ a n »rmal distribution of the load 
current in the feeders no current flows from the secondary 
windings into the bus wires. If a lault occi rs on any feeder 
this voltage balance ic disturb^^d, and ci rrent flows in all the 
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•'econdcuy ciicuits, but as the \\indinfj> on the lower electro¬ 
magnets aie opposed, no toique 'mH be set up, except in the 
reldt’ associated with a faulty feeder in which, as has been 
stated abot e, one of the opposed windings will have been short¬ 
en cuited by the directional element. 

Another type of lelay, designed for the protection of two 
parallel feedeis, employs two current windings, mutually 
opposed, and eneigised respectively from the current transform¬ 
ers of the feedeis to be protected, in both the over-current and 
directional elements. The direction of the movement of the 
disc of the directional element depends upon w’hich feeder 
carries the smaller current to the bus bars. A fault in one 
feeder thus sets up a torque in both the over-current element 
and the directional element, and the trip circuit -'f the breaker 
of the faulty feeder is closed up through tin trip ciicuit contacts 
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of the over-current element, and those of the directional element 
which correspond to this feeder. Sets of three parallel feeders 
could be protected by relays of this type by associating one 
relay with each pair of feeders. 

Directional leakage relays, described in Chapter \', can be 
used for parallel feeder protection, by arranging a differential 
circuit for the residual currents furnished by the current trans¬ 
formers of two feeders after the manner shown in Fig. 163. The 
voltage circuits of the directional relays are energised by the 
residual voltage furnished by an open delta circuit as explained 
on p. 60. From what has already been explained in con- 
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nection with the differential circuit, it will readily be understood 
that the directional relays can be so connected that the one 
associated with the feeder carrying earth leakage current away 
from the sub-station bus bars tends to operate. 

Reference has already been made to the necessity for auxiliary 
switches on the circuit-bitakers at the pow'er-station ends of 
parallel feeders, to make inoperative the relays of a feeder which 
continues to carry load after its associated feeder has been 
tripped. It will readily be understood that if one of a pair 
of parallel feeders is tripped by hand at the sub-station end, 
fault conditions will be simulated at the power-station end, and 
there will be a tendency for the other feeder of the pair to be 
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tripped by relay. For this reason care has to be taken that 
when one of a pair of parallel feeders is taken off load for any 
purpose, the breaker at the power-station end is opened before 
that at the sub-station. 

Switching difficulties a,so arise when the differential system 
of protection shown in Fig. l6^ is uaed at a sub-station when it 
is desired to switch in .1 feeder that has been out of service, 
as the relay associated wrn this feeder may he in the tripping 
position at the instant the breaker is closea. In these cir¬ 
cumstances the breakei will open instantly if is closed. Means 
must, therefore, be juovidid for making the relay inoperative 
till the feeder is made to take load by being closed up at the 
power-station. This can be done by connecting a spring push 
button .switch in the voltage circuits of the directional relays. 
The relav associated with a feeder being placed in commission 
can then be made inoperative till the breaker is closed at the 
power-station 

Merz-Price and Derived Protective Systems.--The basis 
of systems of this class is a comparison of the currents in each 
length of transmission or distribution between any two points 
of supply. Since the current entering such a length is identical 
with that leaving it in normal circumstances, any difference in 
the magnitudes of the currents at the two ends is a certain 
criterion of the existence of a fault. The problem of protecting 
lengths of transmission lines on this system is very similar to 
that of the protection of generators which has been discussed in 
the previous chapter. The problem is, however, rendered 
slightly more difficult in the case of cables and transmission 
line"?, in that the protective current transformers are separated 
by considerable physical distances. 

In the earhest applications of the Merz-Price principle to 
cable protection, the open circuit voltages of the protective 
transformers were opposed in a circuit such as shown. The 
transformers requisite for a circuit of this kind have been des¬ 
cribed on p. 45, and it is obviously essential that these trans¬ 
formers be so designed that the open circuit secondary voltages 
of two transformers so connected are equal for all values of the 
primary currents which may flow in the cable when carrying 
the short-circuit current of an adjacent section. An inequality 
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of the primary currents will result in a resultant voltage in the 
circuit, and this voltage will set up a current in the relay. As 
the impedance of the circuit to a resultant voltage is necess¬ 
arily high, the current setting of the relay \rill be relatively low. 

Equalitj'^ of the secondary voltages of the protective trans¬ 
formers for equal primary currents is not of itself sufficient to 
prevent operation of the relay if the protected cable carries the 
short-circuit current of an adjacent section. The voltages of 
the protective transformers will result in the flow of capacitance 
currents into the opposed voltage circuit. These currents will 
flow into the pilot cable from each end, and will pass through 
the windings of the respective relays. The magnitude of the 
current will be proportional to the length of the pilot cable, 
that is, to the length of the cable protected. The current 



setting of the relays must be such that these relays are inoper¬ 
ative with the capacitance current set up by the maximum 
straight-through current which can pass through the cable. 
The simple Merz-Price protective system by opposed voltages 
is thus insensitive for ant' but short sections of line. 

The disadvantage due to the effect of capacitance currents 
can be overcome by the use of a special pilot cable connected 
as shown in Fig 164. It will be seen that the capacitance cur¬ 
rents due to high secondary voltages of the protective trans¬ 
formers flow’ in circuits which do not contain the relay windings, 
but merely comprise the transformer secondaries, the pilots^ 
and metallic sheaths which envelop them. To prevent a 
circulation of current m these circuits on the occurrence of a 
difference in the secondary voltages of any pair pf transformers, 
each sheath is cut at the middle point of the pilot cable. A fault 
on any core of the protective cable which sets up such a voltage 
difference will result in the circulation of a current through the 
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relay ^vindings, and the secondary windings of the current 
transformers. By the use of a screened pilot cable, very sensi¬ 
tive relay settings can be safely used. The cable is, however, 
relatively costty, although the sheathing of the pilot cores renders 
it possible to incorporate elephone cores and so to obtain a 
saving by avoiding the necess’t}' of a separa'*'e cable for 
communication circuits. 

Another method of ovt coming the disad’ intage due to 
capacitance currents consists in the use of a .elay with two 
windings, the one connected directly to th'j current trans¬ 
former, and the other to a lo''dI circuit ''omprising resistance 
and capacitance whose 'mpedance is equal to that due to the 
capacitance of the pilot This arrangement shown in 
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Fig. 165, and it will be seen that on the occurrence of a high 
voltage in the secondart'^ circuits of the protective transformers, 
currents flow' in each of the windings of the relays. The circuit 
is so arranged that the magnetic effects of these currents are 
equal, so that there is practically no tendency for the relay to 
operate. This system is not quite so efficacious as the sheathed 
pilot system in eliminating the effect of capacitance currents, 
due to the difficulty of adjusting the impedance of the local 
capacitative circuit to the correct value for exact compensation. 

The difficulties due to capacitance currents are largely 
avoided by using in the opposed voltage circuits current trans¬ 
formers energised by earth leakage currents as shown in the 
circuit illustrated in Fig. 166. Wffien used on systems in which 
the neutral is earthed through a limiting resistance, the maximum 
value of the straight-through earth fault current w’hich can 
flow in the primaries of a pair of transformers w'ill be very 
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restricted, and the capacitance current set up by such a current 
vviil not be such as to limit the sensitivity of the arrangement 
for moderate lengths of cable. With this system the relays 
will be responsive to earth leakage faults only, and, if a fault 
starts as a short-circuit, this fault will not be cleared till a break¬ 
down of the insulation to earth takes place. 

The difficulties attendant upon the use of pilot wires for the 
automatic protection of networks are not confined to tho'se due 
to capacitance currents set up by the secf)ndary voltages of the 
protective transformers. Considerable voltages may be 
induced in the pilot wires if single-phase earth fault current 
flows in a power cable adjacent. The earth fault current will 
return to the source of supply through cable sheaths and 
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armourings, and if the ‘=:econdary circuits of tlic current trans¬ 
formers are earthed at each end of the line, leakage currents 
arising from a fault on another section may find their way into 
the protective circuit and cause improper operation of the relays. 
To ensure freedom from trouble of this kind it is usual not to 
earth the pilot wire circuits at any point. Spark gaps can 
safely be pro\’ided to ensure that the pilot wire circuit does not 
assume a dangerous voltage, although these gaps must be set 
so high as not to spark over with voltage*^ liable to be induced 
by fault currents. 

In the transient conditions due to switching in of high voltage 
cables or due to the clearance of faults, sudden changes in the 
system voltage may give rise to capacitance currents ol 
abnormal value. These current surges are composed of high- 
frequency components to which the relays will oppose an 
abnormal impedance. If, therefore, the relays are shunted 
by non-inductive resistances, these shunts will divert the high- 
frequency currents from the relay windings. Improper oper- 
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ation of protective gear by high-frequency surges of capacitance 
currents can also be prevented by the use c f tuned relays of 
the type described on p. 179, as these relays ^’ill only respond 
to currents of the normal supply frequency 
The protective circuits dtocribed ab«;ve are all based on an 
opposed voltage principle, whereby, excepting capacitance 
currents, no current flows in the pilot wires except during fault 
conditions. We proceed to describe various svstems based 
upon the circulating current principle which are, in effect, 
modifications of the circuit discussed on p. 7 >. Due to the 
high impedance of the pilot wires, the values of the terminal 
voltages of the protect!v’-e current transformers connected for 
current circulation may be sufficient to set up appreciable 
capacitance currents, and special precautions are necessary 


Operating Restraining 
coU coil 




7— >• Pilot cable ' 




-f-----'i 




Fig 167 — Mfrz-Price Protection using Biased Relays. 


to eliminate the effects of these capacity currents if the highest 
sensitivity and stability is to be ob''ained. 

Fig. 167 gives the connections of a circulating current pro- 
‘Jective circuit in which beam t57pe relays with mechanical 
bias are used. It is seen that each current transformer is con¬ 
nected to two circuits, the one containing the restraining cods 
of the relays and the pilot vires being common to the two 
transformers, and the second circuit, local to each transformer, 
containing the operating coil of the relay and an impedance of 
one-half the ohmic value of the pilot circuit. Normally, with 
equal primary currents, the secondary output of each trans¬ 
former divides equally into the two circuits connected to it. 
The currents in the two coils of each relay are equal, and, as 
the pull of the restraining coil has the greater leverage, the 
trip circuit contacts are held open. Capacitance currents in 
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the pilot wire flow in the restraining coils only, and increase the 
bias of the relay. If due to a fault, the secondary current of 
one transformer is greater than that of the other, three-quarters 
of this excess current will pass into the local circuit and the 
remaining one-quarter will pass through the pilot wires into the 
local circuit of the transformer at the other end of the line. 
This latter current passes through both coils of the relay at this 
end, and gives rise to no tendency to operation. The relay 
associated with the transformer carrying the hea^der current 
has, however, three times the current in its operating coil 
than it has in its restraining coil. This relay will thus tend to 



trip its associated breaker. The current transformer at the 
other end of the line will then carry the excess current, and the 
breaker at this end will thus open immediately after the first. 
This system embodies the biasing principle explained fully 
on p. 165. 

The protective circuit of Fig. 167 ran be used with special 
relays of the induction type. Each relay element has two 
electro-magnets, the one containing the operating winding 
produces a torque on a pivoted disc which tends to close the 
trip contacts, the other, containing the restraining winding, 
produces a torque tending to keep these contacts open. The 
impedances of the two windings are equal, but the shading rmgs 
of the electro-magnet poles are so arranged that the torque 
ptr ampere of the restraining magnet is greater than that of 



THE PROTECTION OF CABLES AND TRANSMISSION LINES 251 

the restraining magnet, so that, with equal currents in the two 
windings, there is a net hold-off torque on the disc. 

A 3-core feeder can be protected by this sy.stem in two ways. 
In the first, a 3-core pilot cable is used, and the three protective 
current transformers at each end of the line are connected in 
delta. An alternative method requirine only two pilot cores, is 
shown in Fig. 167A. Here the three current transformers of a 
set have different ratios, anu the series-parallei onnection is 
such that m all conditions a re.sultant current passes into the 
relay. Owing to the dissimilar ratios of the transformers the 
fault-current setting is different for the three phases. 

The protective system whose circuit diagram is given in 



Fig 168 —Merz-Price Protection with Compensating Transformers. 


Fig. 168, is an interesting application of the circulating current 
principle in that it utilises the summation transformer described 
on p. 83, so that a single relay at each end of the line is respons¬ 
ive to both short-circuit and earth leakage faults. The second¬ 
ly dry windings of the two summation transformers are coimected 
in series through two wires of the pilot cables. The two relays 
are connected in series by the third core of the pilot cable, 
and joined sjonmetrically to the circulating current system in 
such a way as to equalise the burden on each summation trans¬ 
former. Such a circuit would behave in the manner 
studied in detail on p. 74, except that capacitance currents in 
relay pilots, which may be set up by heavy straight-through 
short-circuit currents in the main circuits, would flow into the 
relays and tend to give rise to improper operation. The flow 
of the capacitance current in the relay pilot is prevented by 
connecting in the relay circuit the secondary windings of two 
small transformers, one at each end of the Une, the primanes 
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of which are connected in shunt to a resistance in the circulat¬ 
ing current system. The secondary voltage of each com¬ 
pensating transformer is evidently proportional to the current 
in the circulating current system, and, therefore, to the voltage on 
the pilots included in this circuit and to the capacitance current 
set up by this voltage. The value of the compensating voltages 
in the relay circuit can thus, by adjustment of the resistances 
shunting the compensating transformers, be made such as 
exactly to annul the voltages which set up the capacitance 
currents. 

The “Solkor'‘ protective system combiners some of the 
features of those shown in Figs. 167(a) and 168. Tlu* main 
protective transformers are all of equal ratio, and, by means of 
a summation transformer at each end of the feeder, a voltage 
is obtained at each end which depend^ upon the feeder current: 
these voltage^ are in opposition in <i circuit completed by a 
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Fig i'>o. —Split-Pilot bVbXEM or Protection’. 


two-core pilot. The relay.'< are of the rotary biased type. The 
operating windings being supplied from the secondarie.s of 
current transformers in the pilot circuit, and the restraining 
exits from auxiliaiy* secondary windings on the .sumrfiation 
transformers. The current transformers in the pilot-wire 
circuit are .shunted by capacitances to prevent improper relay 
operation by high-frequency transients. This system was 
designed particularly for -hort feeders in high-pressure di.s- 
tribution networks. 

The split pilot protective curcuit, shown in Fig. 169, uses three 
main protective current transformers at each end of the line 
connected in open delta as described on p. 83. The secondary 
currents of the transformers flow in a circuit comprismg the 
pilot wires. One of the pilot leads comprises two wires in 
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parallel, so that the secondary current normally divided equally 
in these two wires or splits. At the middle point of the pilot 
cable one of these splits is connected to the other conductor of 
the circuit, and at each end of the circuit the two splits are 
connected to opposed windings of small auxiliary transformers 
from the secondary windings of which the relays are energised. 
In normal circumsteinces, with equal secondary outputs of tlie 
trtinsformers at each end of tl 2 line, no current wiU flow in the 
cross-connection at the middle of the pilot, as the circuit is 
essentially similar to that studied on p. 63. Furthermore, 
capacitance currents in the pilot wires, pioducing equal and 
opposed magnetomotive forces in the auxiliary transformers, 
will evidently give rise to no tendency t > relay operat.un. The 
behaviour of the circuit on the occurrence of a fault can best 
be studied by considering that one set of transformers only is 
delivering secondary ctrrrent. This current, passing into the 
plain pilot wire, w'ill divide at the cross-connection. Three- 
quarters will pass directly back through one split. The remain¬ 
ing quarter will pass along this split to the other end of the 
circuit and back through the second split. The relative values 
of these currents are shown on the diagram, and it is seen that 
the resultant effects of the currents in the primary windings of 
the auxiliary transformers are the same and are equal to that of a 
current equal to one-half the total secondary current passing 
into one primary winding. The relays at each end of the line 
will thus operate simultaneously. The relative values of the 
currents in the pilot wires have beei .vorked out above on the 
assumption that the impedance of the transformer secondary 
vindings at the end of the line not carrying fault current is 
considerable in relation to the pilot impedance. The effect 
of the impedance of these transformers in diminishing the 
sensitivity of a circulating current protective circuit has been 
fully discussed in Chapter III. 

The use of Translay relays, described on p. 172, for the pro¬ 
tection of distribution systems, illustrates a development of the 
Merz-Price principle in that the opposing voltages in the pilot 
wire circuit are derived from secondary windings on the relay 
elements. The principle of relays of this type has already been 
dealt with, and it has been explained that capacitance currents 
in the pilot wires produce a torque in the relay which restrains 
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the trip circuit contacts from closing. Translay relays can be 
so wound that a single element at each end of the line will 
respond to a short-circuit fault between any pair of phases. 
With this method of winding a separate element is used to give 
sensitive protection against earth leakage faults. Fig. 170 gives 
the \vinding diagram of a Translay relay which is responsive 
to both earth and short-circuit faults. This winding is 
evidently similar to that of the summation transformer 
described on p. 83. The non-inductive resistance shunting 
the primary windings prevents operation of the relay 
with high-frequency transient surges in the main circuit, as 



F£G. 170.—Trwslay Relay Responsive to Short-circuit 
AXD E\rth Faults, 

with the abnormal frequencies the impedance of the relay 
windings will be relatively much greater than that of the 
shunting resistance, so that the greater part of the transient 
secondary current will be diverted from the relay. 

A method of obtaining sensitive response to earth faults 
and stability with straight-through short-circuit currents is illus¬ 
trated by the diagram. Fig. 171. The protective transformers 
at each end of the line comprise two whose primary windings 
carry the line current, and a third, whose secondary voltage is 
proportional to residual earth fault current in the primary 
conductors. The secondary windings of the three current 
transformers at each end of the line are connected in series and 
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the resultant secondary voltages are opposed in the pilot 
circuit. Two relays are provided at each end, the one in the 
pilot circuit, controlling the circuit-breaker, and the other, 
known as a diverter relay, in parallel with the current trans¬ 
former secondaries, controlling the setting of the first relay 
by short-circuiting part of the resistance which shunts -t. 
The diverter relay is not responsive to the moderate resultant 
voltage set up by earth faul* currents and, for faults of this 
nature, the relays controlling the circuit-breakers have their 
maximum sensitivity. In short-circuit conditions the resultant 



voltages of the protective transformer combinations rise to a 
value sufficient to operate the diverter relays. This, being 
designed for high-speed operation short-circuits part of the 
shunting resistance of the main relay, which latter relay has 
a small time-lag provided by an inertia de\uce as described on 
p. ijo. The system has thus two distinct fault settings, the 
one sensitive, for earth faults, and the other relatively insensi¬ 
tive, for short-circuit faults. 

Typical Fault Current Settings for Differential Pro¬ 
tective Gear.—Differential protective gear using biased beam 
relays can be arranged to operate with a fault current differ- 
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ence equal to 10 per cent, of the balanced load current. Parallel 
feeder protective gear using biasing transformers will operate 
with a ifference in the earth leakage currents equal, at no load, 
to 40 per cent, of the rated full load current of the circuit. 
Differential protection using Translay relays will operate with 
an earth fault current setting of about 30 per cent. Plain 
Merz-Price opposed voltage protection is rarely stable with 
straight-through short-circuit currents unless the fault current 
setting is over the full load current of the protective trans¬ 
formers. 


Protective Systems Employing Special Cables.— A 
number of systems for the automatic protection of cable 



systems have been devised whicli depend upon the use of cables 
of special construction. The simplest and the oldest of such 
systems is that using cable of what is known as the split-con¬ 
ductor pattern. The principle underlpng this system of 
protection is that of providing two parallel paths within the 
cable of equal impedance in which the load current normally 
divides equally. On the occurrence of a fault in the cable, 
this equality of division is impaired, and a relay, responsive to 
the difference of the currents in the two parallel circuits or 
sphts, trips the circuit-breaker at each end of the section. 

Three patterns of split-conductor cable have been used. 
These, illustrated in Fig. 172, may be called respectively the 
segmental split, the concentric, and the six-core patterns. 
With cables of the first two patterns difficulties are experienced 
due to the fact that, notwithstanding the ohmic resistances of 
the two splits of any phase may be exactly equal, considerable 
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differences may be found in the impedances. This is because 
the unsymmetrical arrangement of the various conductors in 
the cable causes a lack of balance in the inductances of the 
two splits constituting one phase. The concentric t57pe of 
split-conductor suffers from the further disadvantage that the 
capacitance currents in the two splits are unequal. For these 
reasons it is necessary, in order to obtain an exact balance of 
the currents in the paredlel circuits in normal conditions, to 
transpose the splits at such joints in the length of the section 
as will make each of the parallel drcuits comprise the same 
length of conductor having a given physical position in the cable. 
The six-core tjqie of cable has been found most satisfactory in 
practice, although, due to the high proportion of idle space 
within the lead sheath, it is somewhat more expensive than 



the segmental or the concentric type.*:. In the six-core t5q)e, 
the cores situated on a diameter of the cross-section constitute 
the two splits of one phase. Each split is thus symmetric¬ 
ally situated with respect to aU the others, and both the 
capacitances and the inductances of all the splits are exactly 
equal. 

The diagram, Fig. 173, shows the principle of the split-con¬ 
ductor system of protection. The two splits of each phase are 
taken in opposite directions through the coie apertures of 
current transformers at each end of the line. It is seen from the 
diagram that a special pattern of oil circuit-breaker comprising 
two separate sets of contacts for each phase is used. The 
reason for this is easily explained. Consider a fault near one 
end of the line. This will set up a considerable inequality in 
the currents in the two splits at this end but the cur¬ 
rents in the splits at the other end may be nearly equal. 
The difference between the currents in the two primary 
conductors oi the protective transioimer vni\ ca.use ttie reiacy 
to operate and trip the breaker at the end adjacent to the 
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fault. If the two splits remained connected together at this 
end, the currents in them at the other end would stUl be approx¬ 
imately equal, and the operation of the second relay would be 
uncertain. The use of a split conductor breaker ensures that 
the two parallel paths are separated when the breaker opens. 
There will now be a marked inequality in the currents entering 
the two splits at the end of the line remote from the fault, and 
the breaker at this end will be tripped ,by relay immediately 
after the first. 

The use of split-conductor circuit-breakers materially 
increases the cost of protective gear of this class. Ordinary 
breakers can be used in conjunction with current transformers 
which have a considerable primary leakage reactance. The 
effect of this reactance is to limit the flow of current in the split 
core which is not faulty, after the breaker has opened at the 
end near the fault. To obtain sufficient reactance to produce 
the required difference in the currents in the splits in these 
circumstances, requires that the protective transformers have 
wound primaries, and the undesirable character of this require¬ 
ment has led to the use of the split-conductor breaker becoming 
standard for protective gear of this class. 

A method of using ordinary circuit-breakers and protective 
transformers with split conductor protection has been developed 
by the Metropolitan-Mckers Electrical Co. At each end of the 
split conductor cable, two protective transformers are used, the 
one a differential transformer giving a current representing the 
difference of the currents in the two splits, and the other a 
summation transformer, the secondaiy current of which corres¬ 
ponds to the total current carried by the feeder core. These two 
transformers supply the twn circuits of a transformer type 
induction relay. By this method, much greater sensiti\nty is 
obtained than is possible with a single winding relay responsive 
to difference currents since, in fault conditions, one or other of 
the relay windings will carry a heavy current. When a fault 
occurs near the receiving end of a feeder, the primary reactance 
interposed in the splits by ordinary protective transformers, 
although small, rvill be sufficient to set up sufficient out-of- 
balance at the sending end to operate the relay with reasonable 
sensitivity. The current from the summation current trans¬ 
former produces a small biasing hold-off torque in the relay, 
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which prevents improper operation when the feeder is carrying 
straight-through fault currents. 

The split-conductor type of protection responds with great 
sensitivity to all classes of faults but those between the splits 
themselves which are associated with one phase. A fault 
between the splits of one pha=c cannot be detected because 
there is normally no potential difference between taem. The 
fault current settings for split-conductor gear can be of the 
order of 30A, provided the balance of the impedances of the 
parallel paths is exact. 

Split-conductor protection can be made responsive to a 
breakdown of the insulation between splits by the modification 

Fig. 174 —Split-Conductor Protection Responsive to Faults Between 

Splits. 

shown in Fig. 174. It will be seen that a reactor is connected 
in each of the parallel paths, one reactor being installed at 
each end of the section. The concentric type of split-conductor 
cable is usually employed with this scheme, the reactors being 
connected in the outer conductor, and the two circuits being 
transposed as previously explained. There is a potential 
difference between the tw’o splits which is equal to the voltage 
drop in the reactor, and it is evident that a short-circuit between 
the splits will give rise to a difference in the currents they 
carry. This system has the disadvantages of complication of 
the switchgear by the use of the reactors and of increasing the 
regulation of the feeder, and these disadvantages more than 
outweigh the slight measure of additional protection obtained. 

The four-conductor cable which provides a combination of 
both the Merz-Price and the split-conductor principles is shown 
in Figs. 175 and 176. One phase of a three-core cable is split 
into two parallel paths, and these two splits are taken at each 
end of the cable in opposite directions through the core aperture 
of a current transformer, the secondary of which is connected 
to the relay. The two plain cores and the two splits are also 
passed through the aperture of an unwound balancing core in 
the manner shown. Currents in the plain cores induce voltages 
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in the closed circuit formed by the splits, which are equal and 
opposed, as long as the currents in each of the balancing trans¬ 
formers are equal. If due to a fault on either of these plain 
cores, the currents through the balancing transformers become 
unequal, the equality of the voltages in the closed circuit formed 
by the split core will be disturbed, a current will circulate in 
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this circuit which will, in turn, give nse to a cunent in the 
secondary windings of the split-conductor current transformers 
For faults on the plain cores, therefore, the spht cores are used 
as the pilots for a balanced voltaged Merz-Price system. A 
fault on either of the splits operates the protective relays accord¬ 
ing to the split-conductor piinciple which has been already 
explained. In the event of a fault at one end of the section the 



^Spht conductor 
transformer 
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openmg of the breaker at this end will, as shown previously, 
leave the fault current feeding through two paiallel paths of 
equal resistance. The encircling of the splits by the two trans¬ 
former cores is in this case relied upon to introduce sufficient 
reactance in the path compnsing the non-faulty split, to give 
rise to such a difference in the two currents as will lesult in the 
operation of the relay at the end remote from the fault. Oil 
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circuit-breakers of the normal design are, therefore, usedvdth 
cable of the four-conductor type. 

Other cable constructions have been proposed for automatic 
protective purposes. Some of these are inodihcations of the 
split-conductor principle wnereby the load current is carried 
through two parallel paths lightly insulated from each other, 
while others depend upon metallic sheathing of the insulated 
cores which, on the occurrence of a fault, becomes alive and 
transmits current through the primal y of a protective current 
transformer. Cables with special internal sheaths can give an 
indication of an impending fault, if means are provided for 
keeping the insulation resi-atance of the sheath under continuous 
obs'ervation. Cables of special constiuction, other than those 
described in detail, have not. however, found any great com¬ 
mercial application. 

Distance Protection.—We have already, in Chap. V, 

T 
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studied the principles and construction of relays of the distance 
type, and we have there seen that such relays fall into two 
classes, (a) those which operate witj. a nominally constant value 
of the impedance of the circuit w'hich they control and (b) those 
which operate at any current of a value exceeding the setting, 
but with a time-lag proportional to the ratio of volts to current. 
Those relays in the first class are known as definite impe¬ 
dance relays, and those in class (b) as impedance/time or 
reactance,'time relays accordingly as the time-lag is controlled 
by the total voltage, or by the component of the voltage in 
phase quadrature with the current. 

The application of the definite impedance relay will be under¬ 
stood by a study of the followingproblem. In Fig. 177 w’e have the 
single line diagram of a circuit cpmprising a distributing centre S, a 
transmission line, and a consumer’s sub-station transformer 
which is protected locally by an inverse time over-current relay. 
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Suppose we require a relay at S which will disconnect the trans¬ 
mission line to T instantaneously on the occurrence of a short-cir¬ 
cuit fault on this line. This requirement cannot be met by an 
instantaneous overcurrent relay set to operate at an estimated 
value of the minimum short-circuit current in the line, for this 
short-circuit cmrent will vary with the amount of plant feeding 
into the system and with the munber of sections of the network 
in commission. The current in the line, on the occurrence of a 
short-circuit fault near T, may vary within wide limits, but the 
ratio of the voltage at S to the current in the line will be sensibly 
constant and equal to the known impedance of the line. To 
obtain the required protection we require a relay operated by 
the current in the line against a restraining force which is not 
constant, as in an ordinary over-current relay, but which varies 
with the voltage at S. Such a relay is of the definite impedance 



Fig. 178. —Illustrating the Application or the Impedance Time Relay. 

class, and has been described on p. 152. If a relay of this 
type is adjusted to operate when the ratio of voltage to current 
is equal to the impedance of the protected line, corrected, of 
course, for the ratios of the instrument transformers, then, 
apart from inaccuracies of performance, the relat' will operate 
instantaneously with a short-circuit fault at any point in the 
transmis.sion line, but will be unaffected by a fault beyond the 
terminal point of this fine. 

The application of the impedance/time relay will be under¬ 
stood by considering the system of sub-stations, represented in 
Fig. 178, as supplied by a single feed from a power-station P.S., 
and it is required that, on the occurrence of a short-circuit fault 
in the transmission lines, only the sub-stations beyond the fault 
shall be shut down. This result can, of course, be obtained by 
the use of over-current relays with graded time-lags, but this 
method of protection has the disadvantage that, the nearer the 
short-circuit to the power-station, the greater is the time which 
elapses before it is cleared. The required protection can be 
obtained by the use of an impedance/time relay, of the t5q)e 
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described on p. 154, at the power-station end of each section 
of the transmission line. Let us suppose hrst that the line 
impedances between each pair of adjacent sub-stations are the 
same. The ratio of the voltage at any aub-station on the 
occurrence of a short-circuit at the far end of the section fed 
by it to the current in this section will thus have a constant 
value corresponding to the impedance of the sections. Each 
of the impedance relays must have its current se'ting adjusted 
so that it will operate with certainty with the mimmum possible 
short-circuit current in the section with which it is associated, 
and the current in the voltage control coil must be adjusted 
by means of a variable series resistance so that, when the ratio 
of voltage to current equals the impedance of the section, 
corrected for transformer ratios, the time-lag has a value corres¬ 
ponding to the maximum time during which a fault can be 
retained on the system before disconnection. A usual value 
of the time-lag for a fault at the extreme end of a section is 0*8 
seconds. With a fault adjacent to a feeding sub-station the 
voltage will fall nearly to zero, and the relay will operate with 
its maximum time-lag of about 0-2 second. The distance, time 
characteristics of the relays w’ill then be as represented in Fig. 
179, by the full lines. From this diagram, it will be seen that 
the relay at the nearest sub-station feeding a short-circuit 
fault will operate before that in the next sub-station towards 
P.S. If, for instance, a fault occurs at X, the relay at sub¬ 
station A will operate with a time-lag of 0*5 seconds. The 
operating time of the rela}’ at P.S. lor a fault in this position 
will be 1-3 seconds. There is a constant difference of o-6 
second between the operating times of relays in adjacent 
sub-stations. 

In order that a fault may be cleared at the nearest sub¬ 
station it is essential that the breaker at this sub-station should 
have completed its travel before the trip circuit contacts of the 
relay at the next sub-station have closed. If we assume that 
the opening of the breaker takes place 0-3 second after the 
instant that the relay trip contacts dose, then by drawing in 
Fig. 179 a series of dotted lines a distance above the full lines 
which correspond to 0 3 second, we have a graphical repre¬ 
sentation of the time margin between the clearing of a fault 
at one sub-station and the closing of the relay trip circuit con- 
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tacts at the next sub-station had the fault remained on the 
system. We see from the diagram that this time margin has a 
constant value of 0'3 second. 

Conceive now that the line impedances between sub-stations 
instead of being equal, as shown in Fig. 179, are unequal, as 
indicated in Fig. 180, the impedance of the section fed from the 
power-station being considerably greater than those beyond it. 
If we adjust the relay at the power-station so that a short-circuit 



Fig. 179. —Illustraiing the Arpfic^riox of ihi ImpfdaxcfTiml rei 

fault at the far end of the line proceeding from it will be cleared 
in the standard time of 0-8 second, the distance, time character¬ 
istic will be as shown in Fig. 180. In this case we see that, on the 
occmrence of a fault at a position corresponding to the point 
X, although the relay at sub-station A will close its trip circuit 
contacts before that at P.S., yet the circuit-breaker at A will 
not have opened its contacts before the trip coil of the breaker 


T/me j 
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Distance 



Fig. 180.—Illustrating the Application of the Impedance/Time Reiav 
WITH Network Section of Unequal Impedance. 


at P.S. is energised. In this case, there will be a risk of the latter 
breaker operating as well as that at A and it will be necessary to 
increase the time-lag for the clearance of a fault at the far end of 
the line proceeding from P.S. to such a value that the dis¬ 
tance/time line is always above the dotted line between A and 
B representing the tot^ time between the incidence of a fault on 
this section and the completion of the opening of the circuit- 
breaker. The characteristic satisf5dng this condition is shown 
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in Fig. 181, and it is seen that the maximum time during which 
a short-circuit fault may remain on the system has been con¬ 
siderably increased. 

High-Speed Impedance Protection.—In order to obtain 
very rapid disconnection of faults near to points of supply, 
special high-speed distance relays have been developed. 



Fig. iSi.—Illustrating the Application of the Impedance,Time Relay 
WITH Netwohk Section of Unequal Impedance. 


which consist of a combination comprising an instantaneous 
impedance component to deal vith faults in the nearest 
80 per cent, of the section controlled, and an impedance 
time component for faults in the remote 20 per cent, of the 
section, the latter component being set to give the standard time- 



Fig. iSi.—CuARACTERisrir-. OF High Splfd Impedance Relay. 


lag of o'8 second for a fault at the extreme end of the section. 
The characteristic of such relays is as illustrated in Fig. 182. 
In a composite relay recently developed in America, and having 
this characteristic, the definite impedance component is a ver}' 
light pivoted beam controlled by two voltage coils and a current 
coil. The fluxes set up by the two voltage coils are out of phase, 
so that their resultant is practically constant. When the 
impedance between the relay position and the fault is under the 
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impedance setting, operation takes place within a few cycles. 
The impedance/time component consists of a transformer type 
induction element which communicates torque by a spring to 
a beam controlled by a voltage coil, this component being similar 
in principle to the relay illustrated in Fig. 103, Both of these 
components are subjected to the control of a directional com¬ 
ponent which consists of an inductor loop in which current is 
induced by a small voltage transformer and which is pivoted in 
the field of a current coil. This component indicates instan¬ 
taneously the direction of power flow into the section by 
energising a small auxiliarj'^ contactor with a d.c. hold-on coil, 
which is short-circuited by the movement when the power flow 
is out of the section. A fourth component consisting of an 
instantaneous over-current movement operates when the 
secondary current reaches 8A and resets at 5A, and controls 
the tripping of the breaker. Thus no tripping can take place 
unless the secondary current exceeds 8A. When the current 
exceeds 8A and the direction of power flow is into the protected 
section, the secondary winding of the impedance/time compo¬ 
nent is closed and this component is ready to respond to 
fault conditions and to operate the breaker after the lapse of a 
time-lag corresponding to the impedance. When this im¬ 
pedance corresponds to fault positions in the adjacent 80 per 
cent, of the section, the instantaneous definite impedance 
component operates without time-lag and the breaker is tripped 
within a few cycles of the incidence of the fault. 

High-speed impedance relays having characteristics similar 
to the foregoing have been developed by the Metropolitan- 
Vickers Electrical Co. The definite impedance element is set 
to operate for faults in the nearest 75 per cent, of the section 
protected. Faults beyond this point are dealt with by an 
impedance-time element. Constancy of the voltage flux in the 
instantaneous pivoted beam element is obtained by supplying 
the voltage coil through a rectifier. With this type of relay 
the time of operation of the instantaneous element is stated 
not to exceed four cycles with twice full-load current. 

It will be understood from a consideration of Fig. 182 and of 
Fig. 181 that with sections of unequal impedance, there is stiU a 
risk that two breakers may open on the occurrence of a fault 
in the last 15 per cent, of a section. It might be thought that 
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this possibility might be minimised by setting the definite 
impedance relays to operate at values of the impedance corres¬ 
ponding to practically the entire lengths of the respective 
sections. Such a procedure would be unsafe, as not only must 
possible inaccuracies of the relays be cillowed for, but slight 
differences in the line impedance ma}’ arise according to the 
nature of the short-circuit fault. Without a margm of the 
order of 15 per cent, it might Happen that the definite impedance 
relay operated with a fault just beyond the next sub-station. 

Distance/time characteristic-e of a totally different character 
from those which have been considered can be obtained by 
the use of definite impedance relay elements with definite time- 
lags. Conceive that at the supply end of each section we have 
a relay combination made up as follows : (a) an instantaneous 



definite impedance relay set to operate for an impedance equal 
to 85 per cent, of that of the associated section, (b) a second 
definite impedance relay set to ci-erate for an impedance 
equal to the first section plus 15 per cent, of the second, with 
a constant time-lag of 0‘8 second, and (c) an impedance/time 
relay set to operate at i-2 seconds for a fault at the far end of 
the first section. The characteristic will now be as shown in 
Fig. 183, and it is seen that the possibility of the closing of the 
trip circuit contacts of a relay before the completion of the 
opening of the circuit-breaker controlling the faulty section is 
now removed. Relays with characteristics of this kind have 
recently been developed by the Metropolitan-Vickers Electrical 
Co. 

If the system of distribution shown in Fig. 178 be extended 
so that the feed returns to the power-station, we shall have the 
arrangement known as a ring main. A short-circuit fault in 
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any section can now be fed from two sub-stations. It will 
readily be comprehended that, by the use of directional relays 
controlling the over-current elements of the impedance relays 
in the manner explained on p. 145, or by the use of distance 
relays udth inherent directional properties, the action of the 
relays responsive to the flow of fault current in both directions 
will be such that the relays nearest to the fault will operate 
with the smallest time-lag. An interesting case of a fault on 
a ring main occurs when the short-circuit occurs near the power- 
station. In such a case, the bus bar voltage at the power-station 
will fall to a very low value, and the voltage control of the 
impedance/time relays on both the faulty and the non-faulty 
feeders of the ring main will practically disappear. The correct 
discrimination in this case, w'hereby the faulty feeder is tripped, 
and the supply to the sub-stations on the ring is maintained by 
the alternative feed, can only be obtained by the differences of 
the currents in the relays on the two feeders at thepow'er- 
station. 

It will be clear from the foregoing discussion that the dis¬ 
criminating action of a protective system using impedance'time 
relays is obtained by virtue of the differences in the volt¬ 
ages applied to the coils which control the time-lags of the two 
adjacent relays responsive to the same direction of power flow. 
Experience has shown that the correct sequence of operation 
of a number of impedance/time relays cannot be relied upon 
unless, in fault conditions, the difference in the voltage applied 
to the control coils of consecutive relays corresponds to at least 
four per cent, of the normal voltage of the system. This 
limiting difference in the control voltages evidently is a factor 
which contributes to the definition of the shortest lengths of 
section which can be protected by relays of this type. The 
limiting difference defined above is equivalent to that of a 
minimum voltage drop of four per cent, with the minimum 
value of the short-circuit current. In a sj^stem in which short- 
circuit currents are high, a volt drop of this order may be 
obtained in relatively short sections, but on subsidiary me^um 
voltage distribution systems fed by transformers of high 
reactance, the short-circuit currents may be not very much 
greater than the maximum load currents, and on such a system, 
the impedance/time relay would only give correct operation 
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with sections of considerable length. Distance protection is 
generally used on overhead transmission and distribution 
systems covering wide areas, and for such duty it has been 
stated that the average mir’mum length of section which can 
be protected by impedance relays is about 10 miles. The 
distance system of protection is not suited to congest 3d trans¬ 
mission systems in which a largp number of sub-stations are 
interconnected by relatively short cable sectiu. s. 

It will be advisable at this stage to discuss tht limitations and 
sources of liability of incorrect operation of impedance relays, 
and on this point we summarise the conclusions of Kapp and 
Carrothers. The sources of error, applicable to such relays 
for short-circuit protection, are as follows. The question of 
earth fault protection by distance relays will be discussed 
later:— 

(a) Inherent errors in the time-lag of the relay itself. 

(b) Errors in the adjustment of the relay to suit the line 

impedance. 

(c) Errors in the estimation of the magnitude of the line 

impedance. 

(d) Errors of the current and voltage transformers energising 

the relay. 

(e) Sluggish operation of the oil circuit-breaker. 

(f) The effect of the impedance of the arc at the short- 

circuit. 

The effect of errors in classes (b) and (c) is more serious with 
the definite impedance relay than with the impedance^ time relay. 
With the former type an error in the measurement of imped¬ 
ance will shift the point in the section at which a short-circuit 
fails to operate the relay. With a relay of the impedance^ time 
type an error of this kind will merely alter the slope of the 
time/distance characteristic. The effect of arc resistance on 
the performance of impedance relays is one on which consider¬ 
able difference of opinion exists. With overhead lines, the 
impedance is due very largely to their reactance, while the 
impedance of an arc has approximately the character of a 
resistance. A reactance/time relay, therefore, will be 
unaffected in its operation by arc resistance, since, with such a 
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rday the time is proportional to the reactance between the 
relay position and the fault, and this reactance is strictly 
proportional to the lengths of the line to the fault. It was to 
remove the source of error due to arc resistance that the various 
t3^es of reactance relay described in Chapter V were devel¬ 
oped. The impedance/time type of relay is, however, so much 
simpler than the reactance type that its use is generally pre¬ 
ferred by distribution engineers if satisfactory performance 
can be obtained. It has been proposed to correct for the 
effect of arc resistance by reducing the voltage controlling the 
time-lag of the relay by an arrangement similar to that shown 
in Fig. 77, the correcting voltage being derived from a non- 
inductive resistance in the secondary circuit of the current 
transformer suppl5dng the relay. This method is, however, 
inherently faulty, as the correcting voltage is proportional to 
the current, whereas the resistance of an arc is believed to fall 
rapidly as the current in it increases. The voltage on an arc, 
being in phase with the current, does not increase the magni¬ 
tude of the voltage at a point remote from the fault to any 
appreciable degree w'hen the impedance of the line is due almost 
entirely to reactance. The arc resistance will, how'ever, tend 
to increase the time-lag of an impedance relay close to the fault. 
The trend of opinion at the present time inclines to the neglect 
of the effect of arc resistance in the application of impedance 
relays. 

We now pass on to the consideration of the question of the 
connection and adjustment of distance relays for short-circuit 
protection, and in view of the fact that British and American 
practice favours the impedance type, we shall confine our 
considerations to this type. 

Impedance/time relays consist of an over-current element 
and a voltage excited time controlling element. The 
over-current element carries a current proportional to the 
line current, the current transformers for a three-phase circuit 
being connected in star formation. The current setting is so 
adjusted that the minimum operating current corresponds to 
not more than one-half of the minim um short-circuit current 
referred to the secondary of the current transformers. 

With definite impedance relays, however, special precautions 
have to be taken in the connection of the current coil for short- 
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circuit protection due to the difEerence in apparent impedances 
of the line for symmetrical and single-phase short-circuits. If 
the impedance of a line between phase and neutral is Z, the 
current resulting from a symmetrical short-circuit with an 

applied line voltage V will be in each line. With a single- 

V3Z 

phase short-circuit the current will be —. The operation of 

a definite impedance relay, supplied from a system of star- 
connected current transformers, could not differentiate between 



a symmetrical and a single-phase short-circuit, since this opera¬ 
tion depends upon the ratio of line volts to line current. If, 
however, we connect the current transformers in delta we can 
obtain the required differentiation. Assuming that the short- 
circuit current I is equal to the full load current of the current 
transformers, then the current delivered to the relay with a 
symmetrical short-circuit will be 5V3 amperes, but, as is seen 
from Fig. 184, the relay current with a single-phase short-circuit 
will be 5 X 2 amperes. If the line voltage is V the impedances 

as measured by the relay will correspond to —- and and 

I Vs 2I 

these values are in the same ratio as the actual imped¬ 
ances of a given length of line to symmetrical and single¬ 
phase short-circuit currents respectively. 

The voltage supply to impedance relays for short-circuit 
protection corresponds to the line voltages of the system, and 
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these line voltages are chosen so that they lead their associated 
currents at unity power factor by 30 degrees. There is thus a 
phase difference of 60 degrees between the voltages used for 
the directional and the restraining circuits of a relay element. 
The vector diagrams for these voltages for normal conditions, 
and the currents and restraining voltages with a single-phase 
short-circuit, are shown in Fig. 185. 

The current in the voltage restraint coil is so adjusted that 
with an applied voltage equal to that required to maintain the 
minimum short-circuit for a fault at the far end of the feeder. 



- *■ Directional element iroltages 

—^Irrpedance » » 

Fig. 185. —VoLTAGB Circuit Connections, of snoRi-CiPcriT Impeuancb 

Relays. 


the relay will operate with the desired time-lag. This adjust¬ 
ment is made by a correct choice of the value of an adjustable 
resistance connected in series with the restraining coil, in 
accordance with the instructions furnished by makers of the 
relay. With a definite impedance relay, the normal voltage on 
the restraint coil is likewise adjusted to suit the desired ratio 
of voltage to current at w’hich the relay should operate. 

Occasionally it may happen in certain extensive networks 
that the minimum value of the short-circuit current may be 
less than the peak values of the load current. In these circum¬ 
stances if the current setting of the impedance relay is suited to 
the short-circuit current, there w'ill be a possibility of this relay 
operating with load currents. To meet these conditions a 
special over-current relay, operative only with currents of the 
order of times the maximum load current, and an under- 
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voltage relay, operative when the voltage falls to f of the 
normal value, are used in conjunction with an auxiliary relay, 
which normally short-circuits the current coil of the impedance 
relay. This latter relay cannot operate unless the line current 
rises to such a value as to operate the special over-current 
relay, or the voltage falls to such a value as to operate the 
special undervoltage relay. In either of these abnormal 
conditions, one of which is indir .tive of a short-circuit, the 
auxiliary relay removes the short-circuit from the current 
winding of the impedance relay, so that thi:^ is free to operate 
and clear the fault. 

Distance Leakage Protection.—So far we have confined 
our discussion of distance protection to short-circuit faults. 
The application of the principles of distance protection to 
cov(T earth leakage faults is not quite so simple as in the case 
of short-circuit faults. In the first place we have to note that, 
in addition to the effect of arc resistance, that of the resistance 
of the earth connections has to be considered. When the con¬ 
nection of the neutral of a three-phase system is direct, and 
without unavoidable resistance, the effect of unavoidable 
re^i^tance ib relatively small, and is of the same character as 
that of arc resistance in that it slightly impairs the accuracy 
of relays of the definite impedance type and tends to increase 
the time-lag of impedance Time relays for faults near the point 
where the relay is iubtalled. If, however, the resistance of the 
neutral earth connection is deliberately increased, with a view 
of limiting the earth fault currents, this limitation will reduce 
^he potential gradient in the sections of the network due to 
earth faults. As the discriminating action of impedance time 
relays depends essentially on the voltage gradient during fault 
conditions, the restriction of this gradient by the use of a limiting 
resistance in the earthing connection precludes the use of 
leakage impedance relays on systems other than those in which 
the neutral is earthed without intentional resistance. 

When there is only one earthed neutral point in a three-phase 
system the application of distance leakage relays is very similar 
to that of short-circuit relays. The leakage relays will be 
energised by currents proportional to the line currents, but the 
voltages controlling the operation of the relays must corres- 
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pond to the voltages between the lines and earth. These 
controlling voltages are obtained from a bank of star/star 
connected voltage transformers arranged as shown in Fig. i86, 
both primary and secondary neutrals being earthed. Alter¬ 
natively a star/star three-phase shell t3^e transformer may be 
used. A core tj^e transformer is useless for leakage impedance 
relays, as, owing to the interconnection of the magnetic circuits, 
the secondary phase voltages do not correspond to the primary 
line to earth voltages in fault conditions. The controlling 
voltage for a relay will be in phase with the associated current 
with normal conditions at unity power factor. 



Fig. i86.—Con.vectioxs of Earth Fault Impedance Relays. 


If there is more than one neutral earthed in a three-phase 
system, the application of leakage impedance relays becomes 
much more diflScult, since the impedance of a given length of 
line which has an earth fault depends upon the magnitude and 
directions of the currents in the other two lines. If reference 
be made to Fig. 75, showing the conditions with an earth fault 
on a system in which a generator and a power transformer 
neutral are earthed, it will be seen that, on one side of the fault, 
the current in the non-faulty lines is flowing away from the 
fault and back to the generator, while on the other side of the 
fault the line currents are equal and in the same direction. 
The impedance per unit length of the line carrying fault current 
in the former condition is less than that in the latter, so that the 
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ratio of line to earth voltage to line current at any point is not 
a measure of the distance of the fault from that point. Accord¬ 
ing to Kapp and Carrothers the impedance of a given length 
of line, as measured by this ratio, varies with the ratio of 
residual current to current in the faulty line, according to the 
graph shown in Fig. 187. The value 3 for this ratio is applicable 
to the conditions between the fault and the power transformer 
in Fig. 75. A value of i would correspond to conditions in 
which the transformer is switched out, so that the only line 
current is that feeding into the fault. A zero value of the r?tio 
corresponds to the conditions in Fig. 74 between an earth 
fault and a delta-connected generator. It is seen ^hat the 
apparent impedance of a length of line varies so greatly with 



Ratio, residual to tine current 

Fig. 187 —Variation of Apparent Impedance ro Earth 
Fault Currents. 


the distribution and magnitudes of the currents in the three 
lines, when an earth fault occurs on a system with multiple 
earthing, that the performance of impedance relays energised 
bj’ line currents and line to earth voltages \rould be hopelessly 
inaccurate. 

The graph in Fig. 187 show's that the greater the residual 
current in relation to the current in the faxilty line, the greater 
the impedance as measured by the ratio of line-to-earth voltage 
to line current. In order that the apparent impedance 
measured by the relay may always be equal to the standard 
impedance value for no residual current, the current in its 
current coil must be increased by an amount proportional to 
the actual residual current. This increase of the relay current 
will cause it to operate in accordance with a lower impedance 
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value, and by a suitable choice of the fraction of the residual 
current superimposed upon the secondary line current in the 
relay current coil, the value of the apparent impedance as 
given by the ratio of relay voltage to resultant relay current 
can, for a given length of line, be made nearly independent of 
the distribution and directions of the line currents on the 
occurrence of an earth fault. According to Kapp and 
Carrothers, the fraction of the secondaiy residual current to 
be compounded with the secondary line current is very nearly 
one-half. The manner in which the two currents are com- 



Fig 188 —Compensated Earth Fault Impedance Relay. 


poimded is shown, for one phase only, in Fig. 188. It will be 
understood that the superimposition of the residual current on 
the line current in the relay increases the relay current corres¬ 
ponding to the faulty line, but decreases the relay current 
corresponding to the other lines. The time-lag of the relay 
operation, therefore, is determined by the element corresponding 
to the faulty line. 

Fig. 189 shows the connections of a combined earth fault and 
short-circuit impedance relay. There are two elements, a 
definite impedance element connected for earth fault protec¬ 
tion, and a directional impedance time element connected 
for short-circuit protection. On the incidence of a short- 
circuit fault, the impedance time element operates in the usual 
way. The incidence of an earth fault operates the definite 
impedance element if the fault lies within the range of this 
relay, and its operation short-circuits the voltage restraint of 
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the impedance/time element so that it operates with the 
minimum time-lag. If the fault lies without the range of the 
definite impedance element, an auxiliary residual current or 
leakage relay short-circuits part of the series resistance of the 
voltage restraint circuit and connects this circuit between the 
faulty phase and the voltage transformer neutral. The imped¬ 
ance/time element then operates as a distance earth leakage 
relay. 

Negative Phase Sequence Protection.—^All methods of 
automatic protection depending on time-lags graded either 



automatically, by impedance control, or by hand adjustment 
can theoretically be used with relays energised by negative 
sequence currents and voltages, giving unique response to 
short-circuit and earth faults. Although, for moderate vol¬ 
tages, negative sequence directional relay equipment is 
more complicated than directional leakage relays, this is not so 
for very high voltages. A directional leaxage relay requires a 
special type of voltage transformer with an earthed star 
point to obtain the residual voltage. A negative sequence 
voltage can be obtained from a three-phase voltage transformer 
of an ordinary pattern or from a V-connected bank of single¬ 
phase transformers. Since an earth fault residual current and 
the consequent residual voltage each contains a negative 
sequence component, a negative sequence directional relay 
will respond correctly to earth fault as well as short-circuit 
faults. Relays of this type are now used to some extent for 
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directional leakage protection instead of those energised by 
residual currents and voltages. 

Another condition in which negative sequence relays 
are used is that in which the short-circuit current in a 
line is comparable with the rated full load current. Such a 
condition is found when a distribution transformer is directly 
connected to a transmis.sion line without an intervening auto¬ 
matic circuit-breaker. A short-circuit fault on the low pressure 
side of the transformer will give rise to a current in the line, 
the magnitude of which is limited by the transformer reactance 
and which may be relatively small. A fault of this kind can 
hardly be dealt with by any relay depending upon mere 
current magnitude but is controlled with certainty by relays 
at the terminal points of the transmission line which are 
responsive to negative sequence currents. 

D.C. Pilot Wire Systems of Protection.—A number of 
systems for the protection of cable networks have recently 
been developed which make use of pilot wires connecting the 
D.C. tripping circuits of the circuit-breakers controlling the 
two ends of the protected section. These systems have not, 
at the time of writing, been tested in practical application to 
any extent, but they appear to give promise of excellent results. 
The possibilities of D.C. pilot protection are manifold, and admit 
of many developments. So far, the systems proposed depend 
upon two principles which w'ill be briefly explained. 

It will be understood that one of the criteria of the existence 
of a fault on a length of cable or transmission line between tw'O 
points of supply is the simultaneous feeding of power into 
both ends of the length. Some tw'enty-five years ago it W'as 
suggested by Dr. Garrard that this principle might be utilised 
for the protection of networks by interconnecting the trip 
circuit contacts of directional relays at each end of a section in 
such a manner that the tripping of both breakers occurred 
simultaneously when both relays had closed their trip contacts. 
Fig. 190 shows the connections of a D.C. protective circuit 
in which operation of the circuit-breakers depends upon 
simultaneous feeding of power into both ends of the section. 
At each end of the section is a circuit comprising a battery 
and choke coil, and in this circuit are connected the trip 
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circuit contacts of a directional and an over-current relay. 
Corresponding taps on the choke coils at the two ends 
are joined by a pilot wire, and connected in the 
pilot circuit are two D.C. relays, one at each end of the 
line. It will be seen that the trip circuit contacts of the 
directional relays are so arranged that power flow into 
the feeder at one end closes the relay contacts, while power 
flow into the other end keeps op''n the contacts of the relay 
at this end. Short-circuit current flowing through the section 
will, therefore, close the local circuits at each end, and as the 
battery voltages are equal, the potentials of each end of che 



Directiokal Relay Coxiacts close whex Power Flow is as shown 
Fig 190.—D.C. Pilot ^Vire Protection. 

pilot wire will be equal and no current will flow in the pilot wire 
circuit. If power flows into each end of the section, only one 
local circuit will be closed. Current will now flow' in the pilot 
wire, energising the D.C. relays w’hich, in turn, close up the 
trip circuits of the breakers and isolate the section. The choke 
coils are used to prevent the ingress of alternating current into 
the protective circuit during fault condituns when considerable 
differences of potential may exist between the two earth con¬ 
nections. This current would not, of course, operate the D.C. 
relays, but might be of sufficient magnitude to overheat their 
operating coils. Due to minor drawbacks this simple scheme has 
not been commercially developed, but it is described here in 
order to illustrate the fundamental idea underljdng the D.C. 
pilot system of protection. 

A special design of directional relay is required in connection 
with the D.C. pilot wire system of protection. The apparently 
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obvious method of closing the local D.C. circuit by using three 
single-phase directional relays with their D.C. switches con¬ 
nected in parallel is not admissible, since the directions of 
power flow in the three lines may be different with a fault 
external to the protected section. A false indication would 
then be given by fault current feeding into one line of the 
section while load current fed into the section by another line. 
A single three-element directional relay is, therefore, used in which 
two elements are connected to respond to the power flow into the 
line considered as a three-wire circuit. The third element is 



connected as a directional leakage relay, and is made relatively 
more sensitive than the other two elements. 

In a more modern type of directional relay there are four 
wattmeter elements which communicate torque to two discs 
on the moving element. Three of these elements are respou'^ive 
to hne currents and line voltages, with the 30-degree connection 
described in Chapter V. The fourth and most sensitive element 
is energised by residual current and voltage and is a directional 
leakage element. 

Fig. igi is a schematic diagram of connections of the Long- 
field lock-in system of D.C. pilot protection which has been 
commercially developed by the Metropolitan-Vickers Electrica 1 
Co. The underlying idea of this system is that when power is 
flowing out of a feeder at one sub-station, the controlling 
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rela}^ in the sub-station at the other end of the feeder are made 
inoperative. The feeder is, therefore, tripped automatically when, 
and only when, power is flowing into it at both ends. D.R. is 
the double-throw switch of a four-element directional relay. 
Ri is one of a set of three over-current relays, one for each 
phase, the operation of which can only take place when pwjwer 
flow is into the feeder. This relay is of the induction pattern 
and operates with a small time-lag. The operation of Rj is 
also controlled by a locking rela^ L.R., the operating coil of 
which is connected to the pilot caWe. If these pilots are 
energised from the far end, the auxiliary contacts of L.R. will 
open and Rj will be unable to ->peraie. Energised from a 
secondary winding on the over-current relay R^ is j. second 
over-current relay Rj, instantaneous in action. Thi> relay can 
only operate when the direction of power flow is out of the 
feeder, so that the second pair of contacts in D.R. is closed. 
The effect of the operation ol Rj is to connect a battery to 
the pilot wires. 

To study the action of this protective sj'stem, suppose first 
that there is a fault in the line which if controls. Power flows 
into the line at each end, and after the lapse of the small time- 
lag, the relays Ri at each end operate and trip the associated 
breakers. The pilot wires are not energised. Suppose now that 
the line carries a straight-througtx fault current. The power 
direction as indicated by D.R. is, say, out of the feeder. Rj 
operates instantaneou.ely and energises the pilot. At the other 
end of the line, the power flow direction is inwards, but before 
the trip circuit contacts of R^ can close, the locking relay L.R., 
energised by the pilots, will open the secondary circuit of R^ 
and render it inoperative. The line will therefore remain 
connected to the system. 

The preceding description of typical D.C. pilot wire systems 
of protection will suffice to demonstrate the possibilities of 
this method of using pilots, and considerable development of 
these .s5’stems may be expected in the near future. The advan¬ 
tages of using D.C. pilot wires are manifest. The need for 
balancing protective transformers at the two ends of the sec¬ 
tion is eliminated, and the voltages imposed on the pilot are 
restricted, so that pairs in standard telephone cables can be 
used for the protective circuit. 
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The directional relays used for D.C. pilot wire protection 
have been described above as being of the three-phase power 
and leakage type. A possible development of this system 
consists in the use of directional relays responsive to negative 
sequence power and zero sequence, or leakage power. We have 
seen above that the presence of negative sequence power is a 
certain criterion of the incidence of a short-circuit fault on a 
transmission system, and, since an indication of the direction 
of power of t^ phase sequence can be obtained by a single 
directional element, relays responsive to negative and zero 
sequence power will be simpler, and can be made more sensitive 
than those depending on excess values of the line current for 
operation. 



Chapter VIII 


THE TESTING AND MAINTENANCE OF 
PROTECTIVE GEAR 

The general subject of the testing of p’ otective gear comprehends 
not only that of the instrument transformers and relays which 
are the component parts of the gear, but also the checking of 
the correctness of the assembly of these components and their 
connections to form a protective circuit The testing of current 
transformers to determine their suitability for use in a pro¬ 
tective circuit has been sufficiently dealt wth in Chapter 11 . 
The conditions under which voltage transformers operate in 
protective circuits give rise to no appreciable errors, having 
regard to the wide limits of error allowed in the performance of 
protective apparatus, and the testing of voltage transformers, 
therefore, calls for no comment. All that remains to be dealt 
with under the heading of testing is that of the protective 
relays and their assembly into a protective circuit. 

The testing of relays covers the experimental determination 
of the relation between the currents and voltages in the relay 
9i’'cuits and the time-lag in operation. Two questions arise 
■^n this connection which lie without the scope of ordinary 
elet:tiical measurements ; the supply of the testing current, and 
the measurement of the time-lag. 

Source of Testing Current.—Tests on relays with currents 
considerably higher than the nominal setting call for some care 
in the arrangement of the test circuit, as the time-lag of induction 
over-current relays operating imder considerable overloads is 
affected to a marked degree by the wave form of the test 
current. Economy and convenience of regulation is often 
sought in the arranging of relay test circuits by connecting 
the relay directly to the low voltage terminals of a transformer 
energised by the supply mains. Due to magnetic saturation, 

383 
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an induction relay so connected will tend to produce a distorted 
wave of secondary current, and tests have shown that with 
a test current of the order of ten times the nominal setting the 
time-lag may vary by as much as 20 per cent., using test 
circuits which would generally escape criticism. 

Distorted waves of ciurent are produced in circuits fed by a 
sinusoidal voltage source in which the impedance is not constant. 
Magnetic saturation leads to an impedance which diminishes 
as the current increases, the wave form of the current in this 
case being peaky. 

The circuit which gives rise to the greatest wave distortion 
is that shown in Fig. 192 (a). Here coarse regulation is obtained 
by a multi-tap auto transformer, and fine regulation with a 
resistor in the primary circuit. If the primary series resistance 
is aU cut out, the wave form of the relay current will be deter- 



Fig. 192.—^Undesirable Test Circuits, liable to give Distorted Wave 
Shapes of Test Current. 

mined almost entirely by the variations of the relay impedance, 
and a very distorted w’ave form will result for high values of ti>e 
relay current. Small amounts of resistance in the prin'/v ' 
circuit ■will tend to reduce the variation in the impedam^ 
this circuit, but the wave form will always be poor. 

An alternative arrangement is shown in Fig. 192 (b) in w'hich 
the relay is supplied from the secondary of a constant ratio 
double woimd transformer, regulation being eftected by means 
of a variable resistor in the primary circuit. The wave form 
of the relay current will now depend upon the rating of the 
test transformer and upon the amount of resistance in the 
primary circuit. If the primary voltage of the transformer is 
but a small fraction of the supply voltage, the primary current 
will be very nearly sinusoidal, and the secondary current wave 
form wiU differ very little from that of the primary. If the 
primary voltage of the transformer differs but little from the 
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supply voltage, the variable secondary impedance will largely 
determine the wave forms of both primary and secondary 
currents. 

The best circuit for testing relays is that shown in Fig, 193, 
in which the relay is supplied direct from a constant voltage 
source in series with a variable resistance. With heavy over¬ 
load currents there is a possibility of slight distortion of the 
current wave, but this possibility Ccii be avoided b}' connecting 
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Fig. 193 —Test Circuits in which Wave 
Distortion is Avoii^ed. 


an air cored inductance in the circuit as shown. An inductance 
of about ohms is sufficient to maintain a sinusoidal wave of 
test current up to the highest values required. 

A suitable variable voltage test circuit, which avoids the 
Jiecessity of drawing heavy currents from the supply mains is 
shown in Fig. 194. Here a multi-tap auto-transformer supplies 
the relay with an air cored inductance of approximately 1*5 





Fig 19 \ —Tjlsi Circuits in which Wave 
Disioriion is A\oided. 


ohms in series. Fine regulation of the test current is obtained 
by means of a variable resistor in the primary circuit. 

The general principle to be borne in mind in setting up relay 
test circuits is that of the necessity of the preservation of a 
sensibly constant impedance of the circuit. Air cored induct¬ 
ance coils are more efficacious than resistors in preserving this 
constancy of the circuit impedance, since the reactance of the 
inductor tends to restrict the high-frequency harmonics in the 
current wave which produce distortion. 
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An important point arises in connection with the testing of 
sensitive relays, of the nominaEy instantaneous class, having 
very low current settings. For such tests, lamp resistances are 
very convenient, and the fact that metal filament lamps of low 
rating are easily obtainable suggests the use of lamps of this 
type for obtaining small testing currents. The shape of the 
volt-ampere characteristic of a metal filament is, however, such 
that large errors are likely to occur in the experimental deter¬ 
mination of instantaneous relay settings if the current in the 
circuit is limited by these lamps. The resistance of a metal 
filament lamp, when cold, is considerably greater than when 
it is carrying its normal current, and the initial rush of current 


Amps. 



Fig. 195.—Current Time Characteristic of Metal 
Filament Lamps. 


which takes place in the filament of such a lamp w’hen it is 
switched on to the supply is shown in Fig. 195. An instantaneous 
relay with a light movement will be so far affected by this 
current rush that it may trip with a current whose steady 
value is only about three-quarters of the true setting obtained 
by the use of a test circuit of constant resistance. The use of 
metal filament lamps should therefore be avoided in relay 
testing. The resistance of a carbon filament lamp is greater 
cold than when it is carrying its normal current. The use of 
lamps of this type for testing instantaneous relays will, there¬ 
fore, lead to no error in the determination of the minimum 
operating current, but the time-lag in the establishment of 
the steady value of the current may introduce a slight but 
appreciable time-lag in the operation of the relay with currents 
in the neighbourhood of the setting value. Both classes of 
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error can be completely avoided by the use of wire resistances 
for testing sensitive instantaneous relays. 

The Measurement of Time-Lag.—Measurements of the 
time-lag in the operation of protective relays are almost invar¬ 
iably made by means of a time interval meter The internal 



Fig. 196.—^Time Interval Meter. 

connections of this instrument are shown diagrammatically in 
Fig. 196. The rotor of a .sjgichronous motor drives the 
principal spindle through (^propriatje gearing at a nominal 
speed of one revolution per second. The rotation of this spindle 
is communicated to a pointer which revolves over a dial 



Fig. 197—^Test Circuit for Relay with Circuit Closing Contacts. 

graduated in i/iooths of a second by means of an electrically 
operated clutch, the coil of which is connected in series with a 
resistance. The clutch coil circuit can be operated from 
either a D.C. or an A.C. source, and the clutch coil can be de¬ 
energised, either by disconnecting the source of supply, or by 
short-circuiting the coil, when the full voltage of the clutch 
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supply is taken by the series resistance. A subsidiary dial, 
with a pointer geared to the main spindle, gives indications up 
to 10 seconds. 

The inherent time-lag of a relay can be conveniently tested 
by arranging that the supply to the clutch coil circuit is estab¬ 
lished simultaneously with the switching on of the test current. 
The trip circuit contacts of the relay are so connected as to 
short-circuit the clutch coil when the travel of the relay is 
completed. The diagram of connections for a test on these 
lines is shown in Fig. 197. If the relay switch is of the circuit 
opening type, the connections are arranged as shown in Fig. 198. 
Here the completion of the travel of the relay opens the clutch 
coil circuit of the time interval meter. 




Relay 



Time interval 
meter 


Fig 198 —^Test Circuit for Relay with Circuit Opening Contacts 

An interesting home-made timing device has been described 
by R. B. Rowson, in a paper mentioned in the Appendix. This 
instrument is a modified low'-current A.C. supply meter. The 
current coil is energised by a secondary winding on the voltage 
magnet. A neon lamp is fixed in the case of the meter so that, 
by stroboscopic examination of the divided disc, the speed can 
be set on site to a standard value by adjustment of the brake 
magnet position, an external knob, being provided for this 
purpose. An auxiliary circuit is provided for inching the disc 
to give zero reading. The instrument is started by the switching 
on of test current and is stopped by the action of the relay. As, 
apart from friction, the control is by the brake magnet, the 
starting error is cancelled by the stopping error so that the 
travel of the disc is a measure of the time of operation of the 
relay tested. The actual error, as measured by a standard time 
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interval meter is said normally to be tinder 1/20 second, and 
not to exceed i/io second. A device of this kind is a useful 
alternative or auxiliary spare to the more expensive kind of 
instruments. 

Relay Testing.—In the discussion of the principles and 
construction of protective relays in Chapter V, we opened with 
a consideration of the characteristico of the time limit fuse, and 
it was there shown that, if a number of corresponding values 
of fusing current and time were experimentally determined t.ie 
characteristic could be obtained in a linear form, so lhat the 
maximum current the fuse would carry indefinitely could be 
obtained by the intercept of tfie characteristic on the vertical 
axis of co-ordinates. Fig. 199 gives the coimections of a circuit 
for obtaining experimentally a number of points on the char¬ 
acteristic curve of a time limit fuse. In this circuit Rj is a 
resistance hatring an ohmic value equal to that of the fuse and 
the resistance connected directly to it. The use of this resist¬ 
ance Rj enables the value of the test current to be adjusted to 
the required value without this current passing through the 
fuse. WTien the double throw switch is put into the position 
for passing the test current through the fuse, the clutch coil 
ciicuit of the time interval meter is energised and this meter 
commences to register. \Mien the fuse melts the voltage on 
the clutch coil disappears, and the meter ceases to register. 
The reading of the time inter val meter, therefore, gives the period 
during which the fuse was carrjdng the test current. As the 
lange of standard time interval meters is o-ii seconds, care 
anust be exercised, when using currents little in excess of the 
limiting value, that a complete revolution if the auxiliary dial 
of the meter is not missed. 

In the testing of thermal over-current relays a circuit similar 
to that shown in Fig. 199 can be used, but the long time-lags 
given by these relays are not very conveniently measured by 
an ordinary time interval meter. A more convenient timing 
device is an ordinary self-starting synchronous motor clock, 
connected to the supply voltage in series with a lamp, the trip 
circuit switch of the relay being so connected that it short- 
circuits the clock when the relay operation is complete. It has 
already been pointed out that the time-lag of a thermal relay 
dejien^ upon the temperature of the sensitive element at the 
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moment of incidence of the excess current, and in the testing 
of relays of this t57pe not only should the temperature of the 
air surrounding the relay be recorded, but, before each deter¬ 
mination of time-lag, the bimetcillic element should be brought 
to a standard condition. This condition is usually taken as 
that which obtains when all the relay elements in one case have 
been carrying the rated full load current for such a time that 
they have reached a steady thermal condition. Care must, 
therefore, be taken that after a test, the element is restored to 
this standard condition before another test with a different 
value of the relay current is attempted. 



Fig. 199—^Tlst Circuit tOR Time Limit Fuse. 


Over-current relays of the instantaneous and definite time- 
lag types call for a check of the accuracy of the marked current 
settings by experimental determination of the minimum 
currents required to operate the relays. The time settings of 
definite time relays can be checked by the use of a test circuit 
such as is shown in Fig. 197. A time/current characteristic for 
and value of the marked setting should be taken for a range of 
currents from the minimum to operate the relay to a value at 
which the time-lag attains its minimum value. The deter¬ 
mination of the minimum operating current of a relay is assisted 
by arranging that the trip circuit contacts switch on an indicat¬ 
ing lamp when the operation of the relay is complete. If a 
moving coil voltmeter is connected in parallel with the relay 
switch any tendency to chattering at the contacts will be shown 
by the nature of the movement of the instrument pointer 
when its reading is extinguished by the operation of the relay. 

The testing of under-current eind under-voltage relays is 
quite straightforward and calls for no comment. 
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Induction over-current relays call for cin experimental check 
of the marked settings, and for the determination of a complete 
time; current characteristic for one of the marked settings. The 
accuracy of the time setting scale can be checked by the experi¬ 
mental determination of the time-lag with a constant value of 
the test current about five times the marked value for several 
settings of the time scale. Tte observed ttme-lags should 
be in the same ratio as the corresponding settings on the 
time scale. 

Impedance relays are tested in a .«>milar manner to over¬ 
current relays with the normal voltage applied to tht voltage 
restraint circuit. A voltage time characteristic ran also be 
taken with a constant value of the relay current, the voltage 
variation being conveniently obtained by a multi-tap auto¬ 
transformer. An experimental impedance time characteristic 
will, however, be of more practical interest than that connecting 
time with voltage. This impedance chai acteristic can be easily 
obtained by setting up the test circuit so that the relay carries 
about two to three times the rated full load current, with normal 
voltage on the voltage restraint coil, and then by means of a 
multi-tap auto transformer simultaneously reducing the 
pressure on the current and voltage circuits of the relay. The 
time-lag of the relay is observed for a number of voltages 
between the normal value and that which gives the minimum 
operating current of the relay. 

Directional relays are tested for accuracy of the marked 
current settings with normal voltage on the relaj', the relay 
current being maintained approximately in phase wdth the relay 
voltage by the use of non-inductive resistances for the control 
of the test current. A time current characteristic should be 
determined for one value of the marked current setting. 
Voltage compensated directional relays should be tested for 
minimum operating current at one marked setting for various 
values of the voltage applied to the voltage circuit down to 
two per cent, of the rated value. The variation of voltage on 
the directional relay should be obtained by a multi-tap auto 
transformer. If series resistance is used, the phase of the cur¬ 
rent in the voltage circuit may be modified as the applied voltage 
is reduced, and the w'attmeter torque will also be reduced. 

The phase erior of a directional relay, considered as a watt- 
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meter, can, if this be of the non-compensated type, be readily 
checked by applying rated current and voltage to the windings, 
the pheise difference between the current and voltage being 
adjusted to 90 degrees by means of a phase-shifting transformer. 
When this adjustment is correct, as indicated by a zero reading 
of a wattmeter excited by the same current and voltage as the 
relay, there should be no operating torque in the relay. Unless 
the control on the movement of the relay can be removed for 
this test it will be difficult to detect a slight torque due to phase 
error at zero power factor. The test will then be more satis¬ 
factory if the current in the relay and wattmeter can be raised 
to two or three times the rated full load value for the short 
period necessary for the required observation. 

A test for phase error is more difficult to carry out with a 
voltage compensated directional relay since, with this type, 
there is an additional control force on the movement due to the 
unidirectional voltage torque. If the voltage on the relay is 
reduced to one-fifth of its rated value, the value of the com¬ 
pensating torque will become only 4 per cent, of its normal 
value,-and it maj' be possible to balance this torque by adjust¬ 
ment of the spring or weight control so that the movement is 
neutral. If the current in the relay is about four times the 
rated value, full load volt-amperes at zero power factor will be 
applied, and any material phase error will be indicated by the 
presence of a small wattmeter torque on the movement. 

Tests on directional relays should include one to verify that 
there is no tendency to operate with five per cent, voltage and 
thirty times the setting current in a forward direction as 
required by the B.S. Specification. 

Testing Protective Circuits.—The classes of protective 
circuits calling for tests on site after assembly and connection 
are those which include directional and impedance relays, and 
those in which the relays respond to difference currents and 
voltages. Directional and impedance relays in three-phase 
circuits call for tests to verify that the associations of current 
and voltage in the relays are correct. Differential protective 
circuits require tests to verify the connections of the protective 
transformers, and to determine the magnitudes of the stray 
currents in the relay circuits. 
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There is no more useful instrument for checking the voltage 
connections of directional and impedance relays than a single¬ 
phase portable power factor meter. The smaller 4-in. and 6-m. 
sizes give quite sufficient accuracy for this class of test. To 
check the connections of the voltage circuits of a relay in a 
circuit-carrying load current, the current coil of the power 
factor meter is connected in series with the current coil of the 
relay and the reading of the meter is observed with its voltage 
circuit connected first to the voltage line termmal corresponding 
to the line current in the relay and the neutral of the voitage 
transformer. This reading gives the phase relation of line 
current and phase volts. The voltage circuit of tne power 
factor meter is then connected in parallel with the voltage 
circuit of the directional relay. The lag of the current on the 
voltage should be 30 degrees less than in the first test. The 
power factor voltage circuit is next joined in parallel with the 
voltage restraint circuit of the impedance relay, and if this 
latter circuit is correctly connected the lag of the current on 
the voltage will be 30 degrees greater than in the first test. 
The polarity of directional relays is usually checked with great 
ease by observing the behaviour of the relay w'hen the circuit 
is transmitting power in a known direction. 

The checking of the connections of directional leakage relays 
is a matter of some difficulty, and wiien these are energised by 
a residual current and by a secondary' current corresponding 
to the current in an earthing connection, reliance must usually* 
be placed on a careful examination of the connections between 
the relay and the current transformers, having regard to the 
terminal markings of both relay and transformers. If the 
relay is energised by a residual current md a residual voltage 
derived from an earthed star open delta voltage transformer 
bank as shown on p. 63, an electrical check of the correctness 
of the connections can be obtained by the following method of 
simulating fault conditions, if the circuit is canying load. 
Referring to Fig. 200, if one primary phase winding of the voltage 
transformer bank is disconnected and short-circuited, a residual 
voltage win be obtained in the secondary circuit which will be 
the same as that set up by an earth fault on the line from which 
the transformer winding w'as disconnected. If also the current 
transformers in the other lines are short-circuited and discon- 
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nected from the protective circuit, as shown, the current in the 
relay will correspond to that set up by an earth fault in the 
line in which the remaining current transformer is situated. 
The relay is now energised by a residual current and a residual 



voltage such as would be set up by a leakage current flowing in 
the same direction as the load current. If, therefore, with the 
test conditions as shown in the diagram, the flow of power is 
known to be from the sub-station, the current and voltage in 
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Fig. 201 .— Chllkisg Leakage Relay, 

the directional leakage relay should tend to produce operation. 

The simplest of all differential circuits is that for leakage 
protection showm in Fig. 20 r. Provided the current transformers 
are correctly connected as regards polarity, the only current in 
the leakage relay, when the circuit is carrying load, is due to 
inaccuracies of the instrument transformers. If a current 
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transformer secondary is reversed, the current in the leakage 
relay "will correspond to double the line current. The correct¬ 
ness of the current transformer connections is thus readily 
checked by connecting in the relay circuit an ammeter ha\'ing 
a range at least equal to the full load secondary current. The 
reading of this instrument will be negligible if the current 
transformers are correctly connected as regards polarity. If 
the polarity of one of the current t: .nsformers is reversed with 
respect to the other two, the current in the relay branch will 
correspond to twice the line current. The identity of t^e 
reversed transformer can easily be "letected by disconnecting 
one transformer at a time and observing the resulting f uirent 
in the relay. The two transformers of correct polarity will give 
a relay current corresponding to the hne current. Two trans¬ 
formers, one of which is reversed, "vvill give times the 
line current in the relay. Thus the transformer which is open- 
circuited while the lower value of the relay current is obtained 
is the one "with reversed polarity. The operation of the protec¬ 
tive circuit can be checked by short-circuiting and disconnecting 
from the circuit each current transformer secondary in turn, 
in the manner shown in Fig. 201. Each disconnection should 
divert into the leakage relay a current corresponding to the 
primary line current. 

Care must be taken in the selection of a low reading ammeter 
for the determination of the stray current in the leakage relay, 
while the circuit is carrying load. It has already been explained 
in the course of the discussion of differential circuits, that the 
/magnitude of the current in the difference circuit is largely 
''affected by the impedance of this circuit. To obtain a correct 
measurement of the stray current in a di^^rential relay, the 
instrument used should be of negligible impedance, and the 
higher the impedance of the instrument the lower will be the 
apparent v^alue of the stray current. For a given range a milli- 
ammeter of the thermo-couple type has the lowest impedance, 
and, in spite of the disadvantage of the small overload capacity 
of this t5q)e of instrument, it giv'es the most correct indication 
of the stray current in the relays of differential protective 
circuits, and is the most suitable for this test. The rectifier 
type of milliammeter is the most unsuitable for the measure¬ 
ment of stray ciurrents, due to the fact that the impedance of 
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this type of instrument increases rapidly as the current in it is 
decreased. This point is illustrated in Fig. 202, which gives the 
relation between the stray cuirent in the relay of a differential 
circuit and the relay impedance, and that between the imped¬ 
ance and cmrent of a rectifier milliammeter. Neglecting the 
relay impedance, the current in the milliammeter is given by 
the intersection of the two curves. It will be seen that, due to 
the variable impedance of the instrument the current in the 
relay circuit may be reduced to about two-thirds of the value 
that would be given by a milliammeter having a constant 
impedance of five ohms. 

The more complicated differential circuits for generator and 
transformer protection are checked by a development of the 
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Fig. 202.—^Characteristic of Rectifier Milliammeter. 


methods used in the case of a circuit for leakage protection. 
In all cases correctness of the connections is indicated by the 
presence of very small but appreciable currents in the relay 
circuits, while the main circuit is carrying load. The rectifica¬ 
tion of incorrect connections in a complicated protective circuit 
may be a matter of considerable difficulty and considerable 
assistance in a problem of this kind can be obtained from a 
portable power factor meter. With the voltage circuit of this 
instrument excited from any convenient supply, the secondary 
currents in the protective circuit can readily be identified and 
associated by passing them in turn through the current coil of 
the power factor meter and observing their phase relation to 
the voltage datum. A degree scale on the instrument is par¬ 
ticularly useful'for this class of work. 

As an example of the rectification of an improperly con¬ 
nected protective circuit, we may consider Fig. 203, which shows 
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a Merz-Price circuit for a delta'star transformer in which one 
of the current transformers in the delta has been connected 
with wrong polarity while a cyclic change has inadvertently been 
made in the connection of the circulating current pilots to the 
star group of current transformers. The errors in the con¬ 
nections would be indicated by currents in the relays of the 
same order as the secondary cur ents of the protective trans¬ 
formers when the main circuit is carrying load. The nature 
of the errors of connection can readily be deduced by sh art- 
circuiting the relays and connecting in the pilots on each side 



Fig 203—Incorrectly Connected Merz-Pri:e Circuit 


of the connections to the relays an ammeter and single-phase 
power factor meter in series, the voltage circuit of the power 
factor meter being supplied from any convenient source. 
From the six sets of leadings the magnitude and phase of 
each cun cut aie obtained and the vectors of these currents can 
be drawn. These will be as shown in Fig. 204. The currents 
from the delta-connected set of transformers are seen to be 
unequal. One of these currents is equal to each of the currents 

from the star-connected set, while the other two are each of - - 

V3 

times these currents. Faulty connection in the delta is indi¬ 
cated, and the wrongly connected transformer is that from 
which the smaller currents proceed. Reversing the con¬ 
nections to this transformer, a set of vectors shown by the 
dotted lines in Fig. 204 is obtained. The values of the currents 
are now correct, but those proceeding from the delta set of 
transformers are found, from the indications of the power factor 
meter, to be lagging 120 degrees on those in corresponding pilot 
wires from the star-connected set. The necessity of a cyclic 

V 
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change of the pilot wires connected to the star-connected set of 
transformers is plainly indicated. 

Tests on differential protective circuits are much facilitated 
by the use of a portable link board such as is shown in Fig. 205. 
This is connected in the circulating current circuit at the point 




Fig. 204.—^Vector Diagram for Circuit shown in Fig. 203. 


at which the relay tappings are made and the terminal studs 
are made long enough to accommodate the ends of the pilot 
wires and also leads to the testing instruments. By the use 
of such an arrangement, instruments can be connected in the 



Fig. 205 —Test Terminal Board for Merz-Price Protective Circuits 

circuit whilst the main conductors are carrying load, without 
any secondary connections being opened, in the manner shown. 
The link board is also useful for inserting temporary resist¬ 
ances in the circulating current wiring for experimentally balan¬ 
cing the burdens on the two sets of protective transformers to 
obtain the minimum stray currents in the relays. 

The measurement of the stray currents in the protective 
relays of differential protective circuits, whether of the current 
balance, voltage balance, or split conductor type, should be 
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taken with the same precautions as were explained above in 
connection with the testing oi leakage lelays. It is deshaihle 
to take three readings oi corresponding values oi the load 
current and the relay stray current if possible as, by plotting 
these sets of values, the rate of increase of the relay current as 
the load current increases above the rated value can be roughly 
deduced. 

Although the stray relay currents with self-balance and split 
conductor protective systems are, as a rule, very small when 
the circuit is carrying normal load.= it has recently been pointed 
out by Arnold that, if the piimaiy conductors • 'e not 
symmetrically situated with respect to the core, the magnitude 
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Fig 206—CutcKiNG tuk Impedanc.e B\l\nce op a 
bPLiT Conductor Cable 

of the relay current may become inordinately large with 
straight-through short-circitit currents. If, therefore, one of a 
set of relays associated with a protective circuit of one of these 
t^^pes carries a relatively higher stray current than the others, 
for the same load current, the setting of the primary conductor 
in the transformer core aperture should be examined. 

Stray currents in the relays of a split conductor protective 
system can arise from defective balance of the impedances of 
the splits as well as from defects in the protective transformers. 
The impedance balance can be checked by the circuit shown 
in Fig. 206. Current is passed through two splits in parallel 
from one end of the cable to the other end and back, the voltage 
between splits carrying current is observed at the end other 
than that at which the test current enters and leaves. Read¬ 
ings of the voltmeter are taken with the splits connected as 
shown, and also with a transposition so that a^ is connected to b^ 
and a to b. With each connection, the reading of the volt- 
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meter should be not more than a fraction of one per cent, 
of the potential difference between the two ends of the loop. 

The complete testing of protective gear includes the passing 
of test current into the relay windings to ensure that these 
operate at approximately their rated currents, and also that 
this operation leads to tripping of the associated oil circuit- 
breakers. The ability of a relay to open the associated breaker 
should be tested not only with a current in the neighbourhood 
of its setting but al&o with currents considerably exceeding 
this value. In some solenoid and attracted armature relays of 
the self-resetting type, chattering of the movement and 
consequent uncertainty of contact in the trip-ciicuit switch is 
more likely to occur with high than with modereite values of 
the operating current. All such relays, on commissioning, 
should therefore be tested with a high value of the operating 
current to ensure that thf' tripping of the associated breaker is 
quite certain in this condition. The checking of relays after 
erection will be dealt with in the next section. 

It should be hardly necessary to say that the trip circuit 
switches of protective relays should not be connected to the oil 
circuit-breaker operating circuits till the protective circuit has 
been checked for correctness of connections. 

Routine Testing and Maintenance of Protective Gear. 

—^Although protective gear may be correctlj' assembled, it 
cannot be expected to perform its duties satisfactorily and 
reliably unless it is periodically tested and overhauled. Modern 
relays are relatively delicate in construction and partake 
generally of the nature of electrical instruments. An electrical 
instrument differs from a relay in that it is normally in active 
service; a defect w^hich occurs in an instrument is usually 
readily detected, and, generally, such a defect has no serious 
consequences. A relay, on the other hand, only operates in 
exceptional circumstances, and very rarely, and any failure to 
operate w’hen it should, is attended by serious consequences. 
For this reason the artificial electrical operation of all protective 
relays at regular intervals, not exceeding one month, is essential 
in order that defects in the relay or in the wiring thereto may 
be promptly detected and rectified. The artificial operation of 
protective relays should, in all cases, include the automatic 
tripping of the associated circuit-breaker. 
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The artificial operation of relays for testing and checking 
purposes should be carried out by a simulation of fault condi¬ 
tions in the primary circuit protected by the relay, and the 
closest simulation of this condition is given by the passage of 
current in the primary winding of one of the current trans¬ 
formers from which the relay is energised. This method of 
testing calls for the provision of a portable transformer capable 
of delivering heavy currents. An equipment for testing accord¬ 
ing to this method is bulky, and not readily transportable, 
while the method i.s only applicable to those types of switchgear 
in which the primary conductors a^e readily accessibl>‘. Most 
modem switchgear equipments are of the armour-clad type in 
which the primary conductors are ccmpour^d or oil-immersed, 
and, with such gear, it is seldom practicable to pass testing 
current into the primary windings of the protective trans¬ 
formers. It has been suggested by Wellings and Mayo that 
protective transformers installed in armour-clad gear be pro¬ 
vided with a third winding, which, for testing purposes, W'ould 
be used as an alternative primary. The number of turns on 
the alternative primary could be approximately equal to that 
of the secondarj’ turns so that the full rated primary current 
could be obtained from a test equipment of moderate size. 
The provision of these auxili^lry windings would be most 
advantageous from the point of view of the testing of protective 
gear as fault conditions could be simulated completely and 
with ease. The auxiliary windings might introduce a slight 
possibility of danger, if used with transformers for differential 
protection, since an accidental short-circuiting of these wind- 
vings, in conditions of normal loading, would cause the auxiliaiy 
winding to behave as an alternative seconuary circuit, so that 
current would be diverted from the main secondary' circuit, and 
the conditions would correspond to that of a fault in the main 
circuit. It would therefore be necessary to locate the terminals 
of the auxiliary testing windings in a sealed enclosure, accessible 
only to the staff responsible for relay testing. 

If testing current cannot be applied to the main primary 
conductors or to a special primary winding of the protective 
transformers, the relays must be tested with current passed 
directly into the secondary circuit. A consideration of the 
equivalent circuit of a current transformer showm in Fig. i8 
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will show that the operation of a protective relay in terms of 
primary current can be very approximately determined by 
connecting the leads from the source of test current directly to 
the terminals of the cmrent transformer which supplies the 
relay. A more convenient procedure is to connect these leads 
to the terminals of the relay under test. This decreases the 
virtual burden on the current transformer, since the connecting 
leads only cany the exciting current, but, unless the transformer 
is located a considerable distance from the relay, this circum¬ 
stance will not greatly affect the accuracy of the test. If the 
source of test current is derived from a low voltage supply 
with an earthed neutral, the arrangement of the test circuit 



Fig. 207—Method of Testin'o Ov’ercurrevt 
Relays on Site, 

will be as shown diagrammatically in Fig. 207. It will be seen 
that one test lead only is required, and that none of the per¬ 
manent connections to the relay need be disturbed. 

If the secondary network includes a residual-current or 
earth-leakage relay, this relay can be similarly tested. 

The arrangement of Fig. 207, in which testing current is 
derived directly from the supply mains will only simulate line- 
to-earth faults in a 3-phase protective .system. When a step- 
down transformer is used as a source of testing current, single¬ 
phase faults between lines can be simulated by connecting the 
transformer to the corresponding terminals of two current 
transformers or relay elements, so that the greater part of this 
current passes through the two elements in series. Casson and 
Birch have described an arrangement of two step-down trans¬ 
formers, supplied on the primary side through phase-shifting 
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transformers whereby any kind of fault can be simulated 
in a 3-phase protective network. Details of this arrangement 
will be found in a paper to which reference is made in the Appen¬ 
dix. 

The testing of relaj s by passing current into them Tvith their 
associated current transformers remaining connected in the 
normal way, whether this currer* is derived directly from the 
supply mains or from a step-down transform^'r is now often 
called the secondary-injection method. In «ich case the actual 
primary current required to operate the relay is approximately 
equal to the observed value of me injected current -equ’red 
to cause operation multiplied by the ratio of the current trans¬ 
former to which the relay is connect d. The secondary injection 
method, it should be noted, is essentially one for the determina¬ 
tion of fault-current operating vames; ‘'xcepting when the 
relay impedance is very low it will not accu.-ately determine the 
actual relay operating current, as the shunting effect of the 
transformer secondaries connected to the relay during the test 
corresponds to the effect of the errors of the transformers in 
fault-operating conditions. If it is desired, for any reason, to 
check the marked secondary operating current of a protective 
relay on site, the relay should be disconnected from the secon¬ 
dary n-'twork. 

When the transformers for self-balance or core balance 
leakage protective gear are unenclosed and are placed over lead 
sheathed cables, this class of gear can very conveniently be 
te'ited by passing the test current through a length of the lead 
sheath which passes through the transformer core aperture. 
This procedure is often convenient for Merz-Price protective gear 
for turbo-alternators, the test current oeing passed into the 
sheaths of the cables forming the neutral point connection of the 
alternator. 

Split conductor protective gear is readily tested by passing 
current into a loop formed of the two splits of one phase. 
As the test current passes twice through the core aperture of 
the protective transformer, the effective value of the artificial 
fault current is twice that of the test current. 

T iming tests on protective gear can be arranged to measure 
the inherent time-lag of the relay, the combined time-lag of the 
relay and the circuit-breaker tripping time, or the circuit- 
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breaker and relay times separately. 208 gives the con¬ 
nections of a circuit for measuring the inherent time-lag of a 
relay. It will be seen that the clutch coil of the time interval 
meter is energised from the control supply for the switchgear 



operation. This supply is switched on to the clutch coil circuit 
simultaneously with that of the test current to the relay. The 
clutch coil of the time inter\’al meter is shoi t-circuited by 
the relay switch on the completion of the travel of the 
movement. 



Fig. 209.—Obtaining the Combined Time-Lag of a Relay and Circuit 

Breaker. 


Fig. 209 gives the connections of a convenient circuit w'hereby 
the overall time of the relay and breaker are directly observed. 
The clutch coil circuit is energised from the lamp holder for the 
red pilot light at the same instant that the test current is passed 
into the relay windings. The opening of the circuit-breaker 
interrupts the supply to the red pilot lamp and de-energises 
the clutch coil. 

Fig. 210 gives the connections of a circuit for testing the 
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10 ,3.1^111 ^ven. Yiy TAa.\s in. De\.g)abo\ULVD.^ sviXj- 
stations liaving different nominal time-lags. The testing equip¬ 
ment is located in the sub-station having the relay with the 
smaller time-lag. Testing current is passed, via one core of an 
interconnector from a live terminal of the local low pressure 
supply through the two relays in series to earth. An indepen¬ 
dent circuit contains the clutch coil of the time inteival meter. 
It will be seen that this circuit is so arranged that the operation 
of the relay and the opening of the associated breaker 



AC. 

IiG. 210 —Time Sequence Testing or Heluys 


removes the ^hort-circuit of the clutch coil. The operation of 
the relay R2 de-energises the clutch coil. MTien, therefore, the 
testing current is switched on to the relay circuit, the clutch of 
the timing motor is not energised till relay R^ has operated. 
The time interval motor then registers till the operation of Rj 
and the interruption of the supply to the clutch coil. The 
reading of the meter thus gives the time interval between the 
operation of the two relays. 

The use of the time interval meter for the direct measurement 
of the opening and closing times of a circuit-breaker is so simple 
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as not to require detailed explanation. The connections can 
conveniently be arranged so that the clutch coil is energised by 
the operation of the controller and opened or short-circuited by 
the breaker as the case may be. 

Routine monthly tests to check the ability of protective gear 
to operate need not be of a quantitative character. These 
tests will usually be carried out by the operating staffs of the 
power-station and sub-stations in which the protective gear is 
installed, and they should be of the simplest character, con¬ 
sisting merely in the passage of a current through the relay 
windings considerably in excess of its minimum operating 
current. The resistances for these tests should be made up 
permanently, so that no adjustment is required. The test then 
consists merely in attaching the test lead to the relay terminal, 
swrtching on the supply, and observing that the breaker trips. 
For relays with an inverse time-lag the value of the test resist¬ 
ance should be such that the approximate time-lag is approxim¬ 
ately constant, a convenient nominally standard value being 
one second. 

At less frequent, but periodical intervals, all protective relays 
must be overhauled and tested by a competent and properly 
trained staff. These tests will cover the checking of the 
m inim um operating current, and of the time 'current character¬ 
istics of the relay. They need not be so complete as the original 
laboratory tests, but they should be sufficient to ensure that 
the characteristics as originally determined have not materially 
changed. 

An item of great importance in the maintenance of pilot wire 
protective systems for cables is that of the periodical testing 
of the pilots for insulation and continuity. 

Records of Relay Tests and Performance.—^The results 
of tests on protective apparatus should be recorded, according 
to a carefully planned system, and preferably on a printed 
form. Whether tests for operation are conducted by operating 
staffs, or calibration and timing tests are carried out by 
the relay maintenance staff, the result of each individual 
test should be separately recorded, and the record form 
should be so designed that an entry corresponding to each 
test is definitely called for. Forms designed on these lines 
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prevent essential tests being omitted as they constitute a 
permanent instruction to the tester. Further, a well-designed 
form facilitates the scrutiny of the test results bv the super¬ 
vising engineer. It is generally desirable to provide spaces for 
entries of the results of tests of a non-quantitative nature, and 
of the results of routine essential inspections. Even for tests of 
the simple character described or p. 2q6, in which a current is 
merely passed thiough a relay to operctte it the form should 
contain a space for an entry correspondinc: to the checkir ' of 
each relay element. 

Of equal importance to the recording of the result.' of relay 
tests is that of the keeping of a full and < lear account of the 
operation ot relays in fault conditions Modern protective gear 
is still fallible, and faulty performance may consist either in 
failure to isolate a faulty machme or circuit or the improper 
operation of a relay controlling a circuit which is not defective. 
As soon as po-'Sible after a fault which causes relay operation, 
the fullest relevant technu al particulars should be collected by 
an engineer specially charged with this duty. These particulars, 
together with particulars of any special investigations and 
tests carried out to trace the cause of improper relay operation, 
whether these tests are ''Ucce^sful or not. should be clearly 
recorfled in a permanent log It is possible to devise a form for 
the recording of relay operations, and a specimen form will be 
found in the E.K.A. Report, “ btati&tical Survey of the Per¬ 
formance of Automatic Protective Systems,” referred to in 
Appendix I to this book. Otherwise, and perhaps preferably, 
the record can be made in the form of a report. It will generally 
be desirable to prepare yearly a statistical record of aU relay 
operations, correct and incorrect. The conscientious keeping 
of an account of relay performance is of great value, not only 
because it enables the efficact’ and reliability of any particular 
type of relay or protective scheme fairly to be assessed after 
a period of ser\ice, but also because the causes of faulty relay 
operation can be traced the more easily if a full and complete 
historj’ of the previous performance of the relay is available. 
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RECENT WORKS AND PAPERS DEALING WITH 
PROTECTIVE GEAR AND APPARATUS 

1. Protective Apparatus for Turbo Generators,” by J. A. 

Kuyser, Journal, 1922, Vol. 60, p. 761. Contains a useful 

discussion of field suppression. 

2. ” The Design of Apparatus for the Protection of Alternating 
Current Circuits,” by A. S. FitzGerald, Journal, I,E.E,, 1924, 
Vol. 62, p. 561. Describes fully the biasing transformer and its 
applications. 

3. Electrical Transmission and Distribution, Vol. 4. ” Protective 
Systems for A.C. Mains,” by B. H. Leeson, IQ29. A good general 
survey of modern practice. 

4. ” Instrument Transformers,” by J. G. Wellings and C. G. 
Mayo, Journal, I,E,E,, 1930, Vol. 68, p. 704. An excellent 
paper containing much useful information relating to protective 
transformers. 

5. ” Recent Developments in the Protection of Three-phase 
Transmission Lines and Feeders,” by T. W. Ross and H. C. Bell, 
Journal, I.E.E., 1930, Vol. 68, p. 801. A paper devoted mainly 
but not exclusively to relays of Metropolitan-Vickers manufacture, 
and which deals with D.C. pilot wire protective circuits. 

6. ” The Protection of Parallel Feeders, Interconnectors and 
Transformers,” by W. Wilson, World Power, 1930, Vol. 15, p. 371 
et seq. Describes fully the applications of the biased beam relay. 

7. ” The Testing of Protective Current Transformers,” by W. 
Wilson, World Power, 1931, Vol. 15, p. 371. A useful and practical 
paper. 

8. ” Some Recent Advances in the Design of Relays for the 
Protection of A.C. Circuits,” by C. L. Lipman, Journal, LL.E,, 
1932, Vol. 71, p. 561. Deals exclusively and in great detail with 
relays of Nalder Bros, and Thompson manufacture. 

9. ” Faults and their Clearance on Large Networks,” by R. 0 . 
Kapp and C. G. Carrothers, Journal, LE.E,, 1932, Vol. 71, p. 685. 
An excellent paper containing a penetrating discussion of the 
problem of distance protection. 
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ro. Symmetrical Components, by C. F. Wagner and R. D. 
Evans, 1933. An authoritative and comprehensive work dealing 
with the theory of symmetrical components and its application 
to network calculations. 

11. Symmetrical Component Analyses 0/ Unsymmetrical Poly¬ 
phase Systems, by R Neumann. 1939. A work similar in scope, 
but simpler in character than the foregoing. 

12. Automatic Protective Gear for A.C. Supply Systems, by 
J. Henderson, 1934, A good descriptive review of modem 
practice. 

13. Relay Systems, by I, T. Moi ith and P. H Robinson, 1935. 
A comprehensive treatise dealing exhaustively with .American 
I clays and protective systems and with the theory and practice 
of network calculations 

14. “ statistical Survey of the Performance of Automatic 
Protective Systems'* (E.R.A Rei>o)t F/T94), Journal, I.E.E., 

Vol. 79, p. 541. This Report contains a critical discussion 
of relay iailures. 

15 Capacitor Voltage Transformers, b> Wellings, ilortlock 
and INIathcws. Ihid, p. 577. Deals fully with theorjn testing, 
coubtructioii and applications. 

lO. “ Bus-Bar Zone Protection,” by T. W. Ross. Metropolitan- 
Vickers Gazette, 1936, Vol. XVI, p. 266. An excellent study of 
available methods. 

17. X.E.L.A. Relay Handbook and Supplement. A manual 
dealing exhaustively with American relays and with the technique 
of routine testing and maintenance. 

18. " Neutral Inver^ion in Power systems/’ bv B. G. Gates, 
Journal, I.E.E , 1036, ^'ol 7S, p. 317. Contains a full discussion of 
thi'. phenomenon 

IQ .'Safeguards against Interruptions of Supply,” b}" H. W. 
(iotliicr B. H. Leeson and H. Le3’bourn Journal, I E.E., 1938. 
^\)l 82, p. 443 DcMTibes some recent developments in protection 
tcf'hniquc. 

20. “ Higli-Speed Protection as an aid to maintaining Electro 
Service following System Short-Circuits,” bv T. W. Ross and C. 
Rvder, Journal, I.E.E., IQ38, Vol. 88, p. 228. A critical review of 
modern developments in this field. 

21. ” Applications and Limitations of Inverse-Time Overload 
Rela\"s to the Protection of an iikV Network,” b\^ J. W. Gallop 
and R. H. Bousfield, Journal, I.E.E., 1940, Vol. 87, p. 113. A 
detailed description of the application of the graded time-lag 
system of feeder and interconnector protection. 

22. ” Maintenance of Relaj^s and Associated Equipment,” by J. 
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R. Brookman, Journal, I.E,E,, 1940, Vol. 87, p. 485. Describes the 
maintenance system used for a large protective scheme in South 
Australia. 

23. Improved Timing Device/’ b}’ R. B. Rowson, Electrical 
Times, 1941, Vol. loi, p. 30. Describes the construction of a home¬ 
made time-interval meter for relay testing. 

24. “ Selection and Maintenance of Relay Contacts/' b\ G. 
Windred, Electrical Times, 1941, Vol. lOo, p. 235. An excellent and 
critical re\dew. 

25. The Management of Protective Gear Sy;>tems on Power 
Supply Systems/* by W. Casson and F. H. Birch, Journal, LE.E., 
1942. An exhaustive discussion of the takulation of fault-currents 
and the performance, commissioning and maintenance of the 
protective gear used b}" the C.E.B. 


APPENDIX II 

GLOSSARY OF TECHNICAL TERMS RELATING TO 
PROTECTIVE GEAR 

Air Gap Current Transformer. A current transformer the 
magnetic circuit of w’hich contains .in air gap so that the open 
circuit secondary E.M.F. is ^ensibly proportional to the primary 
current. 

Ampere-Turns, The product of the number cxpre>sing the full 
load current in amperes by the number of primal y turns in a 
current transformer ii known as the ampere turnb. 

Attracted Armature Relay, A relay consisting e^^sentially of a 
pivoted iron armature and an electro-magnet. 

Auxiliary Relay, A relay actuated from a separate source of 
supply by the main relays, and which closes the trip circuit of an 
oil circuit-breaker. 

Auxiliary Switch, A switch coupled mechanically to an oil 
circuit-breaker which opens circuit or closes circuit when the 
associated breaker opens. 

Back-up Protection, A system of o\er-current relays with high 
current and time settings intended to operate only in the event 
oi a failure of the main relays. 

Beam Relay. A relay consisting essentially of a pivoted beam 
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responsive to the difference of the forces of two solenoids on their 
associated plungers. 

Bias, A device whereby the current required to operate a relay 
in a differential protective circuit depends upon the magnitude of 
the current in the main circuit. 

Biasing Transformer, A current transformer whose ratio of 
secondary to primary current decreases as the current in a tertiary 
or biasing winding increases. 

Breakdown of Ratio, The ratio nf a current tiansformer is siid 
to break down when, due to magne saturation of the 'ore, the 
value of the secondary current differs considerably from it& nominal 
value. 

Burden, The burden ''f an instniipcnt transformer may be: 

{a) The instruments, relays, nnd connections forming the 
secondary circuit. 

(h) The impedance of the secondary circuit m ohms. 

(c) The volt-amperes absorbed by the secondary circuit when the 
primary current o’ voltage has its rated value. 

Bushing Current Transformer, A current transformer without 
a primary winding. 

Circuit-Closing Relay, A relay in which the contacts are 
normally open. 

Circuit-Opening Relay, A relay in which the contact’s are 
normally closed. 

Circulating ( urrent. 1 ne current which in a differential pro¬ 
tective circuit flows in the direct circuit between the current 
transformers. 

Closing Coll, {a) Of a contactor The coil which holds the 
contactor in the closed position. 

{b) Of an oil circuit-breaker. The coil wli. h closes the breaker, 
but which i^ de-energised when the movement is com¬ 
pleted 

Compensated Pilot. A pilot cable in which the insulated cores 
are surrounded by metallic sheaths which provide paths for the 
capacitance currents. 

Core Balance Transformer. A current transformer whose 
primary consists of the three conductors of a three-phase circuit. 

Cross-connected Current Transformers. The series connection 
of the secondary circuits of current transformers whose primary 
circuits aie normally equal. 

Definite Impedance Relay, A relay w'hich acts with a constant 
ratio of voltage to current. 
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Definite Minimum Time-lag, A time-lag which for high 
values of the operating current assumes a constant value. 

Definite Time-lag, A time-lag which is nominall}' independent 
of the current or power in the relay. 

Delta Connection, The series connection of three-current or 
voltage transformers in a three-phase circuit. 

Differential Protection, A method of protection whereby the 
protective relays are responsive to differences of the currents in the 
primar}" circuits of the current transformers. 

Directional Relay. A relay which responds only when the power 
flow in the associated circuit is in a specified direction. 

Discrimination. The property of a protective circuit whereby 
the relay respond:^ only to faults in the section of the main system 
which it controls. 

Distance Protection. A system of relays whose essential pro¬ 
perty is that the relay nearest to a fault operates with the smallest 
time-lag. 

Diverter Relay. An auxiliary relay which modifies the setting 
of an associate drelay 

Drop-off Current or Voltage. The maximum value of the 
current or voltage which will cause operation of an under-current 
or an under-voltage relay. 

Drop Switch. A relay switch which falls by gravity into the 
closed position when the relay operates. 

Dynamometer Relay. A relay consisting essentially ol a pivoteti 
coil moving in the field of an electro-magnet. 

Encroachment. The approach of the value ot the stray current 
(q.v.) in a relay to the value required for operation, as the value of 
the straight-through current in the main circuit tends to its 
maximum value. 

False Trip. The operation oi a relay and the tripping of i 
associated breaker by causes other than that of a fault in 1 
section controlled. 

Gradei Time-lags. A method of adjusting the time-lags of 
relays whereby their magnitude depends upon the distance of the 
relay from the source of supply. 

Ground Fault Protection. See ** Leakage Protection." 

Ground Fault Relay. See Leakage Relay." 

Hand-Resetting Contacts. Relay contacts which after operation 
of the relay have to be restored to their normal position by hand. 

Healthy Circuit. A circuit, or section of a transmission system, 
which contains no fault, notwithstanding it may be carrying the 
fault current of another section. 
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High-Speed Relay, A relay of which the operating time is of 
the order of a few cycles. 

Impedance-time Relay, A relay whose time-lag depends upon 
the ratio of voltage to current. 

Induction Relay. A relay consisting essentially ol a pivoted 
member moving in the field of an electro-magnet and in which 
currents are induced. 

Iniitantaneous Relay. A relay in .hicli tb** time-lag is designed 
to be as small as possible. 

Inierse lime Relay. A relay iv which the xime-lag decreases 
as the value of the operating cuiren ^r pc wer increases. 

Kick I uses. Fuses shunting the reiays of a differentia circuit 
for transformer protection, to prevent the opei<*tion of the relays 
by the transient current surge at the bwiichiiig-in ot the trans¬ 
former. 

Leakage Protection. A system < i protection depending upon the 
use of leakage relays. 

Leakage Relax. A relay responsive only to earth fault currents 
in a three-phase circuit. 

Margin of Sia’nhty. The difference between the maximum 
value of the i urrent which can appear in a relay when no fault 
exists in the circuit controlled and that required to operate it. 

Mer::-Beard Protection. A system of protection employing 
current transfoimers with two primuiv windings which normally 
carry currents w'hich are equal and opposed. 

Merz-Hunttr Protection. A system of cable protection in which 
double-primary current transformers carry the normally equal 
currents in two parallel circuits. 

Merz-Price Protection A system of protection whereby the 
relays are responsive to differences of the secondary currents or 
voltages of current transformers wmose primanes carry currents 
w^hich are normally equal. 

Mesh ('onnection. See " Delta Connection." 

Moving Iron Relay. A relay consisting essentially of a pivoted 
iron vane moving in the field of an electro-magnet. 

Mumetal. An alloy of nickel and iron which has its maximum 
permeability for abnormally small magnetising forces. 

Negative Sequence. A negative sequence component is that 
symmetrical component of an unbalanced system of three-phase 
vectors whose phase sequence is opposite to that of the resultant 
system. 

Negative Sequence Relay. A relay responsive to negative 
sequence current, voltage, or power. 
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Xeutral. The common .connection of three circuits connected 
in star in a three-phase supply. 

Neuiral Immersion, An abnormal (onditiou in whioli the point 
representiiii’ earth p)o1ential lies outside the triangle oi the vectors 
of line-voltages of a 3-phase svsteni 

Ninety-Degree Connection, A method of connecting single¬ 
phase directional relays in a three-phase circuit whereby the 
associated currents and voltages are in phase quadrature with a 
balanced power factor of unity. 

Non-Directional Relay. A relay whose opeiation does not 
depend upon the direction ot power flow in the circuit it 
c ontrols. 

Open-Delta Connection, The series connection of two voltage 
transformers in a three-phase circuit. 

Opposed Voltage Protection. A method of protection in which 
are compared the secondary voltages of current transforineis 
whose primaries carry currents which are nornially equal. 

Oier-cnrrent Relay, A relay intended to operate when the cur 
rent in the circuit controlled exceeds a stipulated \alue. 

Overload Relay. See ‘ Over-current Relay.” 

Over-speed Relay. A relay intended to mtenupt the '>iq)ply to 
a machine when its speed exceeds a stipulated value. 

Over-voltage Relay. A relay intended to operate when the 
\oltage in the circuit controlled exceeds a stipulated \alue. 

Phabe Balance Relay. A relav w'hicli is intended to operate 
w^hen the unbalance of the c uirent- in a three pha-e < iicuit exc eeds 
a stipulated amount. 

Phase Baidt. A fault involving a -hort-rircuit between the 
lines ot a three-phase system. 

Phase Sequence. The sequence in w'hich the line-tu-neutral 
voltages of a three-phase ‘^Vi^tem attain their poMti\e maximum 
values. 

Pick-up Current or Voltage. The minimum current or voltage 
w^hich will give rise to operation of an over-current or an over¬ 
voltage relay. 

Positive Sequence. A positi\e sequence component is that 
symmetrical component of an unbalanced system of three-phase 
vectors whose phase sequence i« the same as that of the resultant 
-V‘^tem. 

Ratio Balance Relav. A relay so designed that operation takes 
t lace when the ratio of tw'o electrical quantities assumes a stipu¬ 
lated value. 

Reactive Relay. A name sometimes given to an ironclad 
dynamometer relay. 
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Reinforcing ( oiL An electrc-magnet which increa&es the force 
closing the relay contacts after operation. 

Release, The operation of a relay and the tripping of the 
associated oil circuit-breaker. 

Residual Currei f. The vector resultant of the three line currents 
of a three-phase system. 

Residual Voltage, The vector resultant ol the three line-to- 
earth voltages of a three-phase system. 

Restraint. See Bias.'" 

Reverse Current Relay, A directional relay responsive to a 
value of the current which k anafiectod by largi ^'oltage varia¬ 
tions. 

Reverse Phase Relay, A relay desiefned to opei ate if the phase 
sequence of the controlled circuii is rev^ersed. 

Reverse Poner Relay, A directional relay responsive to a 
stipulated value cf the power in the ciiruit controlled. 

Satiaation The ''ondition of a magnetic circuit in which an 
incre.ase m the magnetising force cau'^es a relatively small increase 
in the flux deii‘-ity. 

^alifiiihdi I ransfo^mer, A current transformer so designed 
that the secondarv current is sensibly constant for piimary currents 
exceeding a stipulated value. 

Screened Pilot. See “ Compensated Pilot.” 

Sclcchiity. See Discrimination.” 

Self-balance Protection, See ” Merz-Beard Protection * 

Self Braking, The dynamic braking torque on a relay move¬ 
ment due to Its rotation in the flux which sets up the drhing 
torque. 

Self-Resetting ( ontacts. Relay contacts which after operation 
return automatically to their normal position. 

Seiies tripping. The use of the secondary’ curient of a pro¬ 
tective current transformer to trip an c -c^ociated circuit-breaker. 

Setting, The adjustment of a relay which determines the oper¬ 
ating current, voltage, or impedance, or the time-lag. 

Shaded Pole Relay. A t\’pe of induction relay in which a phase 
difference of two alternating fluxes is produced by a copper band 
encircling a portion of a pole piece of the electro-magnet producing 
these fluxes. 

Short-circuit lime-lag. See '‘Definite Minimum Time-lag.” 

Shunt 1 ripping. The use of an independent source of supply 
(usualh* direct current) for the tripping of a circuit-breaker. 

Slou' Resetting Relay. A relay in which the self-resetting action 
is intentionally delayed till the lapse of a considerable time after 
the cessation of the operating current. 
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Solenoid Relay. A relay consisting essentially of a plunger 
moving in a solenoid. 

Spill Current. In a differential protective circuit, the secondary 
current, corresponding to the difference of the primary currents, 
which passes into the relay. 

Split Conductor Protection. See Merz-Hunter Protection.’' 

Split Pilot Protection. The application of the split conductor 
principle to the secondary circuit of a differential protective 
system. 

Stability. The property of a protective circuit whereby it is 
unaffected by currents due to faults external to the section it 
controls. 

Stability Ratio. The ratio of the current required to operate a 
relay to the maximum current which can appear in it when no 
fault exists in the circuit it controls. 

Star Connection. The parallel connection of three-current or 
voltage transformers in a three-phase circuit. 

Straight-through Current. The ''urrent in a section of a trans¬ 
mission network due to a ohott-circuit or earth fault external 
to it. 

Stray ( urrent. The current in a relay connected in a differential 
circuit, due to inaccuracies of the protective current transformer.^, 
and not to a fault in the section controlled. 

Summation Jran^former. A current transformer whose second¬ 
ary current is proportional to the vector ^um of the currents in its 
several primary windings. 

Thermal Relay. A relay who^e action e^bcntiallv depends upon 
the heating effect of the current it carries. 

Thirty-degree ( onnection. A method of connecting the voltage 
circuits of single-phase directional relays in a three-phase circuit 
whereby the relay voltage leads in phase by 30 degrees on the relav 
current when the three-phase power factor is unity and the load i'^ 
balanced. 

Time-lag. The time-lag of a relay the interval elapsing 
between the incidence of the operating current and the closing or 
opening of its contacts. 

Transfer Relay. A relay which, on the incidence of an earth 
fault, modifies the connections of an impedance relay. 

Transient. An electrical condition in a circuit which does not 
persist for more than one or two cycles. 

Translay Relay. A combination of relay and transformer in 
which operation of the relay depends upon the flow’ of current in 
a secondary circuit. 
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Trip Coil, The electro-magnet which trips the hold-in latch of 
an oil circuit-breaker. 

Tripping Relay, See Auxiliary Relay/’ 

7 lined Relay, A relay which is so designed to lespond only 
to a current whose frequency approximates to a stipulated value. 

Turns Compen^ation, A method of partial compensation for 
the ratio error of a current transformer bv the of a number of 
secondary turns less than that cc .responding to the nominal ratio. 

Turns Ratio, The ratio of the number of ‘Secondary turns to the 
number of primary turns in an iristiument transformer, 

V Connection, See “ Open Connection."' 

Vector Unbalancing, Thr ditteience current in 3 protective 
circuit due to a difference in phase of two secondar\ currents of 
equal magnitudes. 

Voltage ( ompensat t Rcu,, A directional it*laj so designed 
that the operating current i'- ^ • t v’ lit*^le afferted bv large changes of 
voltage. 

Volt-ampere f oru^umpt.on (d; I he product of the number 
expressing the rated current of a relay or instrument in amperes 
into the number expressing the voltage drop when this current is 
passing (b) The product of the number expressing the rated 
voltage of a relay or in*:!!! ument into the number expre^sing the 
current in amperes when this voltage is applied. 

y Connection, Sec “ Star (.on ection." 

Z Conneefton. \ combination of the delta and .star method-* 
of connecting current transformer >econdaries whereby two over- 
current relays aie responsive to «^hoit-circuits between any two 
pairs of lines of a three-phase circuit. 

Zero Sequence (''omponcht. The symmetrical component of an 
unbalanced system of three-phase vectors with a resultant, all 
three members of which are in phase. The magnitude of a residual 
current or voltage (q.v.) is three times ^^at of the corresponding 
zero-sequence component. 
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STMENT of impedamc rrld\s, 
2 ,1 

Air gap current transformer 45, 
Alternator protection, 1S2 
Ambient temperature, 127 
Ampere turns, 26 
Arc resistance, 20*# 

Artificial voltage networks, 8^. 

A S E A protective circuit, 
Auxiliary switch, ii'', 2 ^2, 24- 

DACK-UP PROIECTION. ^lO 

Balanced leakage ]3rotection - • 1 
Bar primary, 23, 20 
Biased protection, 102 
Biasmg transformer, 17^, 237 
Bimetallic strip, 12*) 

Breakdown of ratio, 2^ 

B S ratings of tran^^formf i , t 1 

-rules for rela\ s, 1 

BTH protertue nrLini 
Buchholz protection. 21 4 
Burden, 12 

Bus bar protection, 21 -> 

Bushing current transform^-r, 20 

\BLt sheath protection lor alt' r 
nators, 180 

Capacitance currents in pilots, 2 ^ 
240 

Capacitor \olt*ipe traiisfoimcr 4^ 
Chattering conta^'ts, i»1 
Circuit breaker, 2 
Circuit closing rela\, 11 • 

-opening relay, 11 » 

Combined leakage ami o\rr unent 
protection, 14 » 

Compensated pilot 2 
Compensating transformer 2; 
ronverting plant protectK>n 2 t 
C ore loss current, 20 
Core type voltage tran^fonnr 1 o ■' 
Cross - connected current traiio 
formers, 311 
Current transformer, i ^ 

-air gap, 47, S4 

-with constant V 30 

--With variable impedance, 

33 

-testing, 34, 38 

-testing winding, *^5, 3'»2 


£) C riLOj n ^^7 

Dolti (onneclion 3 07 - 1 

-star connei tion 01 

» -—— p r transfriimcr pro- 

tcvtion 200 

Ditfercntial impedance, 25 7^ 

- protectue (. II cults -o 2^2 

—— te'iting of c’irit nt translormcrN, 
-iO 

Discrimiiiahoti 3 

Oistante h ckage piottt tion 2,- 

-protection 2 « 

-ron\ >, j ,i 

Diveiti 1 rclu , 2-> 

Trouble (ti ip^tc nnti<^n 
— V oim 1 indu( tion ’ m 
r)r )p oti I ' *li ^i« 

T »rop >5 Mtcli ^» 2 

L*' r* t i‘U+ t iiir< 1 <, 

pioU<"ti > i ni ditt r 
niior 1 M 

-- « ii)l< ^ , 

- trin 4 )rm» 1-^, 21 i 
1 arthed gene ator 11^ 

Lddv Mirrcnt hi ik 

--lo -I 

Lneroa^ liment 12 

Errors of dista 1 ^ tm 13 20 » 

-— j>r )t'^cti\f tiin-'fnmMs, 

10 I,, 

}-ju\aient ^’TMiit of a «.iiiKnt 
tiaiistorm^r fs 
Lx^nn., ruiTcn^ - » 2 ^ 

p\isi raip 

T lult c uin nt^ 11,1’' 1 , 

1 D Id failure of altrrnatoi 
su{)prts pon g( ar 1 1, 
f our \ire CiKuit , 3,, 

FNf PAioR nciitril f lulling ii< 

^ ^'Traded time lags, 22-1 
C/round fault protoc tion 312 

« U > OPERATOR, 94 

Hand re-setting relay, i-o 
Healthy circuit 312 
High-speed protection, 204 
Hysteresis loss, 20 
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TMPliD*^.^cE compensator 84 

-of ouirent uanbloimer 23 

— -of Imc to earth %ult curients 274 

-reJa^, ^ J40 3 •)^ - 20 

Inductie*i> cc iplm^^ 

Inertia of relaj i\2 
IntercopiiLCtion t * prjti Lti\t t ant* 
former ^4 
Iron looS 

Lf icK ri ) 


T \MP !•> \ 

^ I eikage protection * 
— lea *tUe< 

1 mcfir time ehai i teii'*lu 
I ongli 1 1 protCv.Li3ii 


Maximum \ V of current r 
tormi r 44 44 

Meabureiiit lit oi -»% mnittiical ci 11 
pone ^" i -j 

Meehii ic d -^irt t s n i^urici t tian«* 
rmei'' 

Mel LIN rtcll Cl « I 
Merz ilaiUi 4 e r c lie * > 

Me / P 1 pIutv-C.tl Jxl I '' Cl f 

Mrrz B 111 prate ti n i''- 1 

Mmnnam inn lag 134 

Mold i-iutt 

Mumetil 1 * 


upc nent 


It t c rk 
poNNei I 


Pnme mover faults 183 
Protective transformer 10 

--burden*' 12 

-t r*ors I - 

--ratina, 11 

r>4iiNGS of T rott tive 
^ iorme s 11 
Ratio error 
Rea liv# shunt i 
Rec tiner mill ammeter 2 
Recordo 

R-emfor ^ euii 3 31 


- f 

Rt lease 314 


Rc a\« Al L G , 15*. 


ctti icted arm ±e 11 

^ I 

U ^d lOj 


beam if 0, 23O 

-.0 

d>namometer, i6‘ 

t vt r 

— indu tion if j 


\ ut* i« t ii hu . 
m t r 1 ri 


B own Bcveii 1O3 

— eo ji nsated directional 14S 

thermal 12 

cii uit closing and opening iig 
It nn te impedance -'•c 
-tmiekg i'’*> 
d ^eetional IIS 344 > 

— leakage 147 .:)4 

—-and overcurreiit 14^ 

iistance ii 1 i 1 
d mble wound 140 
diverter 

d\ n imometer 11 s 14 

— e eetromagnetie 1 
-I aws'iett Pariv 1 

field failure 18 ^ 
hand lesetnng 
high speed 2(> 4 
impedance i-»i 

-— fur leal age an 1 abort eir 

cults ^ 


— < X pc wtr tr iji"! ^lur s 
siiietv dtt,re ccm ic ton 
( Jpt'' dclticonuc loll i 

Opp jsed \ ob a^c prot ti in . 4 
Ovtrloxd tc t t 1 current liaii" 
formtr 4f 

jp^R-VlII-r fccdCT ^lluttetlOU T 
--rtlavs 243 

intt 1 connector piottctior 2 j 
Pha c balancers iic 
Phase tiror 12 
Pick up current 13 
Pilot cable2^1 24S 40s, 

Polai it\ c t pi ott cti V« ti ansfoi mei 

51 

Positive sequence component Sg 
Positive St giience network g ), 104 
- - p wer ics 


- — - time !->-> 

— iiidu«-tion 11 ^ I ^ ^ 

— 11 antaneous 11 t 141 

- xnv ers*^ time lag 11 ) 

Imear time characten&tic 141 

— mov ng iron 11 141 

negative phase sequence ijt, 

19s 2-1 2 7 
non directional 313 

— ove^ current iiS 

-Over speed 

~ - ov er \ oltagc 11 s 

-parallel feeder 2 ^ s 240 

— phase balance 314 

-polvphase directional 144 27s 

-ratio balance, 144, 314 

--difference, 10^ 

-react ince 154 

-reactive 314 

-restrained i r 
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Relays, reverse current, 148, 314 

-- phase, 314 

-self-resetting, iiq 

-shaded pole, 133 

-solenoid, 315 

-thermal, 124 

-Translay, 172 

- tuned, 170, 24S 

- under-current and \ oltage 11 

-wattmetei, 141 

Resolution of 3-ph ciic uits bv terns 
92 

-of 2-ph systemb 10^ 

Residual current 57 

-\oltdge, 03, S; 

Restraint, 314 

Reverse power protection, i6< 
Routine test's ^7 

C ATUR\iioN, 315 

^ -cur\e, 20, 22 43 

-effect in relays, 134 

-transformer, 31 5 

Suott connection, 70 

-ofpow er transformers 20 

Screened pilot, 240 
Secondarv-mjection ttstxUg 3 , 

Self-balance protection, 157 
Self-braking torque 137 
Setting of relay, no 13- 257 
Single-phase loads, 02 
Shell type voltage transformer 0 » 
Short circuit faults, 11 , - “ » 

Silicon steel, 20 
Single-phasing, 210 
Solkor protective system _ * 
Sources of test current 2^ , 

Special cables 2 bo 
Specification ol relay settings, 13-' 
Spill current, 315 

Split conductor oil circuit breaker 

257 

-protection 2 ^4 290, 304 

Split pilot protection, 252 
Stabihty ratio, 315 
Stallmg relay, 221 
Standby protection, 100, 21^ 233 
Star connection 54 
Straight-through current yO 
Stray current, 72 
Summation networks, Sj 
S witching m parallel feeders ..44 
- transformers * ^3 


Symmetncal components, 8 s 

Tf ANK earth protection, 200 
Tap changing geai, 20S 
Tertiary circuit, 30 
-winding on voltage trans¬ 
former, 69 

lesting, arrangement of circuit, 

~ current transfoi mers, 30, 44 

- directional leakage relays 204 

- protective urcuits 203 
relays, 290, 303 

split conductoi cable 31 ;o 3 >3 
stray currents, 30 > 

- time limit fuses, 29 t 
-time sequence, 

-transformer polantv, 53 

Iheimal tnp, 220 
Thirty degree connection 2 
Three phase operator, 94 
1 hree to tv\ o phase transformation, 
ou t>9 

liiree winding tiansfo^niti 21 2 
lime intenai meter 

-lag mcasuif ment 2^/ 3 J4 

- — limit fust, I I 
ixcvnsfoimer prottction 2<* > 
Transients - >, 24'^ 
franslav protection 253 
Turns conedion 29, 4b 

-ratio 310 

1 wo phase s^^tem 1(4 


U 

V 


vtvRfHiD alternators 110 

CU^ Nivl iioN f u 
\ecToranah i&(il3pli systems 


94 

-dia^iams for pioicctue trans 

formers, ib, 47 

-unbalancing 314 

\ oltage connections directional 
rela> s 2 ^ > 

-impedance lelavs 271, 

Voltage tiansformers, 14 46 


T^AV E form of ie^t current, 2"'4 
Wound primarv, 26 

^ CONNECTION, 59 
^ Zero sequence component, So 
- — currents 20 


-- network, 72 

- -- power 109 




